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FOREWORD 

This r e p o r t  w a s  prepared i n  response t o  a r eques t  from t h e  Reactor 

Development and Technology Divis ion  of t h e  U.S. Atomic Energy Commission 

t o  perform a comprehensive assessment of t h e  t e c h n i c a l  problems which 

would b e  encountered i n  extending t h e  c u r r e n t l y  known aqueous reproc- 

ess ing  technology t o  f u e l s  discharged from Liquid Metal Fas t  Breeder 

Reactors (LMFBR), and t o  d e f i n e  an experimental  program f o r  so lv ing  t h e s e  

problems which would be  c o n s i s t e n t  w i th  the .ove ra l1  LMFBR Program Plan ,  

and more s p e c i f i c a l l y  wi th  t h e  Program Objec t ives  and Plan of Action 

presented i n  Element 8, F u e l  Recycle,  (WASH-1108) under Task 8-3.1. 

Because of t h e  c l o s e  i n t e r a c t i o n  between process ing ,  sh ipping ,  

and waste management, t h e  l a t te r  two areas were a l s o  included i n  t h e  

assessment and program planning.  

e n t  wi th  t h e i r  r e s p e c t i v e  Tasks 8-2.2 and 8-3.2 i n  t h e  LMFBR Fuel  

Recycle Program Plan.  

These a l s o  were t o  be  made cons i s t -  
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AQUEOUS PROCESSING OF LMFBR FUELS - TECHNICAL ASSESSMENT 
AND EXPERIMENTAL PROGRAM DEFINITION 

ABSTRACT 

This  r e p o r t  d e s c r i b e s ,  i n  d e t a i l ,  t h e  development 
program t h a t  has  been i n i t i a t e d  f o r  t h e  r e s o l u t i o n  of  problems 
posed by t h e  process ing  of spen t  f u e l s  from Liquid Metal F a s t  
Breeder Reactors .  These f u e l s  cannot b e  t r anspor t ed  and proc- 
essed  by methods c u r r e n t l y  employed f o r  l i g h t  water r e a c t o r  
f u e l s  owing t o  t h e  high decay h e a t  evo lu t ion  and t o  t h e  high 
plutonium con ten t ,  which alters chemical requirements  and 
n e c e s s i t a t e s  cons ide ra t ions  of c r i t i c a l i t y .  

1. INTRODUCTION 

Future  Liquid Metal F a s t  Breeder Reactor (LMFBR) f u e l s  cannot 

be processed economically by p r e s e n t  LWR f u e l . p r o c e s s i n g  p r a c t i c e s .  

This i s  due t o  t h e  inc reased  plutonium con ten t ,  s p e c i f i c  power, and 

mechanical complexity of  LMFBR f u e l s .  S ince  t h e  acceptance of t h e  

LMFBR concept is  dependent on an economical f u e l  c y c l e ,  i t  i s  necessary  

t o  develop f u e l  reprocess ing  technology which w i l l  a s s u r e  f u t u r e  r e a c t o r  

customers t h a t  p rocess ing  w i l l  b e  a v a i l a b l e  and t h a t  t h e  c o s t  w i l l  

b e  acceptab le .  

is intended t o  provide  t h e  technology t o  f i l l  t h i s  need. The o b j e c t i v e s  

of t h i s  program are: f i r s t ,  t o  reduce,  w i th  time, t h e  u n c e r t a i n t i e s  

t h a t  e x i s t  i n  applying p r e s e n t  aqueous process ing  technology t o  f u t u r e  

LMFBR f u e l s ;  second, t o  provide t h e  technology necessary  t o  adapt  LWR 

f u e l  process ing  p l a n t s  t o  t h e  process ing  of LMFBR f u e l s  i n  t h e  in t e r im  

per iod  be fo re  t h e  LMFBR f u e l  load  i n c r e a s e s  t o  t h e  p o i n t  t h a t  i t  can 

suppor t  a s e p a r a t e  process ing  p l a n t ;  and t o  provide t h e  technology 

necessary f o r  even tua l  commercial LMFBR f u e l  reprocess ing  p l a n t s .  The 

la t te r ,  long-term approach i s  reserved  f o r  t hose  problems t h a t  are 

occasioned by t h e  economic i n c e n t i v e  for short-decay process ing  and 

The proposed Aqueous Processing of LMFBR Fuel Program 
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t h a t  are of s u f f i c i e n t  t e c h n i c a l  complexity t o  r e q u i r e  an ex tens ive  

development per iod.  

I t  i s  expected t h a t  oxide f u e l s  sheathed i n  s t a i n l e s s  s tee l  w i l l  

be  used i n  t h e  e a r l y  LMFBR's; f o r  t h i s  reason,  oxide f u e l s  have been 

adopted as t h e  r e fe rence  feed material f o r  i n i t i a l  p rocess ing  s t u d i e s .  

However, advanced f u e l s ,  such as t h e  ca rb ides  and n i t r i d e s ,  are no t  

being excluded from cons ide ra t ion .  The core  f u e l  element has  t h r e e  

zones; t h e  c e n t e r  is  a co re  conta in ing  uranium oxide p lus  about 20% 

plutonium oxide as t h e  f i s s i o n a b l e  material ,  and t h e  two end s e c t i o n s ,  

conta in ing  deple ted  uranium oxide,  are t h e  axial  b l anke t  s e c t i o n s  of t h e  

element. 

end b l anke t  s e c t i o n s  and process  them s e p a r a t e l y ,  t h e r e  i s  no apparent  

advantage i n  doing so ,  and i t  has  been assumed t h a t  t h e  t h r e e  s e c t i o n s  

w i l l  be  processed toge ther .  

are elements of deple ted  uranium oxide t h a t  form t h e  r a d i a l  b lanket .  

These a l s o  can be  processed s e p a r a t e l y  o r  mixed and processed s imulta-  

neously wi th  the  core  f u e l  elements.  

While i t  i s  p r a c t i c a b l e  t o  s e p a r a t e  t h e  core  from t h e  two 

Surrounding t h e  core  s e c t i o n  of t h e  r e a c t o r  

This  r e p o r t  p re sen t s  a comprehensive p lan  f o r  ca r ry ing  ou t  a develop- 

ment program aimed a t  t h e  a p p l i c a t i o n  of p re sen t  aqueous chemical proc- 

e s s i n g  technology t o  f u t u r e  LMFBR f u e l s .  

f u e l  c y c l e  from the  r e a c t o r  t o  f u e l  f a b r i c a t i o n  i s  analyzed. 

t h a t  must b e  solved are d iscussed ,  and t h e  development work needed t o  

s o l v e  t h e s e  problems i s  scheduled. 

The s t a t u s  of each s t e p  of t h e  

The problems 

This  program p lan ,  which covers  Task Areas 8-2 and 8-3 ear l ie r  

def ined  by t h e  LMFBR Program Of f i ce ,  desc r ibes  t h e  LMFBR f u e l s  and 

t h e  p re sen t  s t a t e  of aqueous process ing  p r a c t i c e .  Process  s t e p s ,  along 

wi th  evo lu t iona ry  ve r s ions  a p p l i c a b l e  t o  LMFBR process ing  requirements ,  

are eva lua ted .  The breakdown of t a s k s  serves t o  d e l i n e a t e  t h e  proposed 

development program and covers  a broad spectrum of parameters ,  such 

as f u e l  c h a r a c t e r i s t i c s  and cool ing  times, t o  ensure  a gene ra l i zed  

a p p l i c a b i l i t y  t o  t h e  va r ious  LMFBR concepts.  

work t o  be  undertaken is  d iscussed;  t h e  need i s  given;  and t h e  proposed 

approach is ou t l ined .  

I n  each t a s k  area, t h e  
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It i s  our  i n t e n t  t h a t  t h i s  program p lan  w i l l  be  updated and r ev i sed  

p e r i o d i c a l l y  t o  r e f l e c t  t h e  cont inuing  progress  made i n  t h e  development 

of r e a c t o r  f u e l s  and i n  t h i s  process ing  program. 

2. SUMMARY 

Nearly every major  f u e l  process ing  f a c i l i t y  i n  e x i s t e n c e  today 

employs t h e  Purex s o l v e n t  e x t r a c t i o n  process .  The outs tanding  f avorab le  

f e a t u r e s  of t h i s  process  - unexcel led s e p a r a t i o n  e f f i c i e n c y ,  v e r s a t i l i t y ,  

ease of adap ta t ion  t o  cont inuous high-capaci ty  throughput - and t h e  

v a s t  ope ra t ing  exper ience  a v a i l a b l e  from major process ing  f a c i l i t i e s  

make i t  an obvious choice  f o r  adap ta t ion  t o  LMFBR f u e l  processing.  

The average burnup of t h e  f a s t  b reeder  r e a c t o r  i s  expected t o  b e  on 

t h e  o rde r  of 80,000 Mwd/ton f o r  t h e  co re  and about 33,000 Mwd/ton f o r  

t h e  mixed core  and b l anke t  ( s e e  Table 2.1). This  compares wi th  34,000 

Mwd/ton proposed f o r  LWR oxide  f u e l s .  

high plutonium inventory  and a h igh  s p e c i f i c  power (about 150 kw per  

kilogram of heavy metal oxide  i n  t h e  core  as compared wi th  about 35 

kw/kg f o r  LWR's). This  combination of h igh  burnup and high s p e c i f i c  

power makes t h e  decay h e a t  of discharged co re  f u e l  from f a s t  b reeder  

r e a c t o r s  about  a f a c t o r  of 5 h ighe r  than  t h a t  of thermal  r e a c t o r s .  

There w i l l  a l s o  b e  a h ighe r  concen t r a t ion  of long-l ived f i s s i o n  products  

i n  t h e  LMFBR core  f u e l ,  roughly i n  propor t ion  t o  t h e  h ighe r  burnup. 

F a s t  b reeder  f u e l s  have a h ighe r  plutonium con ten t  than  LWR f u e l s  by 

about a f a c t o r  of 10 ,  which aggrava tes  t h e  concern over  c r i t i c a l i t y ,  

emphasizes t h e  importance of plutonium chemistry,  and may occasion 

t h e  need f o r  s h i e l d i n g  f o r  plutonium product handl ing ope ra t ions  t o  

a t t e n u a t e  t h e  neut rons  genera ted  by (a, - n )  r e a c t i o n s  and spontaneous 

f i s s i o n s .  

an economic i n c e n t i v e  f o r  minimizing t h e  decay per iod  b e f o r e  reprocess ing .  

F a s t  b reeder  r e a c t o r s  w i l l  have a 

The va lue  of  t h e  plutonium content  of LMFBR f u e l  r e s u l t s  i n  

During t h e  i n t e r i m  pe r iod ,  b e f o r e  f a c i l i t i e s  designed s p e c i f i c a l l y  

f o r  short-cooled LMFBR f u e l  are a v a i l a b l e ,  i t  should be  poss ib l e  t o  

process  t h e  f u e l  from e a r l y  f a s t  b reeder  r e a c t o r s ,  t h e  FFTF, and demonstration 



Table 2.1. Fuel  Comparison: Light-Water Reac tors  and Future  F a s t  Breeders  

b 
C 

LWR Fuel ,  a 
Ty-pical F a s t  Reactor UO, - PUO, LWR Fuel ,  

Fuel (wi th  Pu Recycle) UO, 

Burnup, Mwd/ton 

Core 

Core and b l a n k e t ,  average 

S p e c i f i c  Power, h / k g  f u e l  i n  core  
( a t  85% load  f a c t o r )  

Decay h e a t ,  w/kg f u e l  

30-day decay: 

co re  

Core and b l a n k e t  

1 50-day decay : 

Core 

Core and b l a n k e t  

Plutonium con ten t ,  g/kg f u e l  

Core 

Core and b l a n k e t ;  72% Pu 
i s  f i s s i l e  

80,000 

33,000 

148.8 

199 
82 

76.4 
28 

243 

104 

33,900 

33.76 

50.7 

21.5 

26.9 

20,300 

33.61 

46.6 

16.9 

7.5 



Table 2.1. (Cont 'd.  ) 

b 
C 

LWR Fuel ,  
LWR Fuel ,  a 

Typica l  F a s t  Reactor  uo, - Puo, 
Fuel  (wi th  Pu Recycle)  uo2 

Iodine,  c u r i e s / t o n  a f t e r  cool ing  
p e r i o d  30-Day 150-Day 1 SO-Day 1 SO-Day 

Core 3.7 x lo6 11.92 2.8 2.57 
Core and b l a n k e t  1.5 x lo6 4.92 
Process  containment f a c t o r  f o r  
1 - ton/day c a p a c i t y  108 103 lo2 lo2 

a 
Reac tor  No. 21 (LMFBR; AI r e fe rence  ox ide ) ,  See Fue l  Recycle Task Force Report, WASH-1099 ( i n  
p r e p a r a t i o n ) .  

Reac tor  No. 16 (LWR; Pu r e c y c l e  w i t h  t a i l s ) .  
( i n  p r e p a r a t i o n ) .  

b 
See Fuel hecyc le  Task Force Report, WASH-IO99 

C 
Reactor  No. 1 (LWR; UO,). See Fue l  Recycle Task Force Report, WASH-1099 ( i n  p r e p a r a t i o n ) .  
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r e a c t o r s  i n  e x i s t i n g  LWR process ing  f a c i l i t i e s  modif ied f o r  t h i s  purpose. 

Such f u e l  could be  cooled about 150 days (no t  n e c e s s a r i l y  optimum f o r  

commercial f a s t  b reeder  f u e l  bu t  economically t o l e r a b l e  dur ing  t h e  

in t e r im  per iod)  and then  processed a t  about  one-half nominal capac i ty  

i n  an e x i s t i n g  LWR p l a n t  a l t e r e d  t o  accommodate t h e  g r e a t e r  l eng th  

of t he  FFTF elements ,  d e a l  w i t h  sodium contaminat ion,  and provide capac i ty  

f o r  t h e  h igher  plutonium content .  

The long-range economic success  of t h e  LMFBR concept i s  dependent 

upon a r e l a t i v e l y  cheap f u e l  c y c l e ,  and i t  seems reasonably important  

t h a t  a r e l i a b l e  knowledge of chemical process ing  f e a s i b i l i t y  and c o s t s  

e x i s t  a t  t h e  t i m e  t h a t  t h e  LMFBR concept i s  t o  b e  a t t ract ive t o  commercial 

i n t e r e s t s  on t h e  b a s i s  of i t s  favorab le  economics. The economic advantage 

of l a rge - sca l e  process ing  p l a n t s  is  s o  prominent t h a t  central  process ing  

f a c i l i t i e s  wi th  throughputs  on t h e  o rde r  of 5 tons/day o r  g r e a t e r  are 

s u r e l y  t o  b e  p r e f e r r e d  over  a p r o l i f e r a t i o n  of s m a l l  (<  1 ton/day) 

f a c i l i t i e s ,  and t h e  importance of s a f e ,  economical t r a n s p o r t  of f u e l  

t o  c e n t r a l  p rocess ing  f a c i l i t i e s  has  been recognized. The cont inued 

expansion of t h e  power economy and t h e  inc reas ing  technology of power 

t ransmiss ion  make l a r g e  c e n t r a l  power parks ,  on t h e  o rde r  of 20,000 

Mw, a p l a u s i b l e  concept.  An "on-site" process ing  f a c i l i t y  of corresponding 

capac i ty  ( ca .  1 ton/day) begins  t o  acqu i r e  t h e  f avorab le  economic charac te r -  

i s t i c s  of t h e  l a r g e  c e n t r a l  p rocess ing  f a c i l i t y .  The e s s e n t i a l  p rocess ing  

problems are similar, however, and gene ra l i zed  process  development 

s t u d i e s  w i l l  b e  r e a d i l y  a p p l i c a b l e  t o  t h e  economic a n a l y s i s  on which 

r e a c t o r  des igne r s  base  t h e  s e l e c t i o n  of t h e  opt imal  f u e l  c y c l e  concept.  

The process  development program should provide  t h e  t e c h n i c a l  foundat ion 

f o r  t h e  design and ope ra t ion  of t h e  process ing  f a c i l i t i e s  of probable  

i n t e r e s t  ( capac i ty ,  p reprocess ing  decay, e t c . ) .  This  program w i l l  

i nc lude  cons ide ra t ion  of a spectrum of LMFBR f u e l s .  Fo r tuna te ly ,  t h e  

f u e l  des igns  of t h e  FFTF and t h e  f i v e  follow-on r e a c t o r s  are s u p e r f i c i a l l y  

similar; t h a t  is ,  each i s  approximately 5 i n .  by 18 f t  long,  c o n s i s t s  

of about 200 s t a in l e s s - s t ee l - shea thed  (Pu,U)O elements about 1 / 4  i n .  

i n  diameter ,  is  spaced wi th  w i r e  wrapping o r  g r i d s ,  and i s  encased 

i n  a 1/8-in.  s t a i n l e s s  s c e e l  shroud assembled by welding t o  end f i t t i n g s .  

2 
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Reactor f u e l  has  been shipped s a f e l y  i n  casks f o r  a number of 

yea r s .  However, t h e  problem of h e a t  d i s s i p a t i o n  from short-cooled 

LMFBR f u e l  is  much more s e v e r e ,  and i t  i s  apparent  t h a t  a more r e f i n e d  

technology must b e  exp lo i t ed  i n  t h e  des ign  of LMF'BR shipping casks .  

S t e e l  r a t h e r  t han  l e a d  may b e  used f o r  s h i e l d i n g ,  n o t  only f o r  i t s  

g r e a t e r  s t r e n g t h  but  because i t  can s a f e l y  endure h igher  temperatures  

under acc iden t  cond i t ions .  More s o p h i s t i c a t e d  h e a t  t r a n s p o r t e r s  can 

provide g r e a t e r  cool ing  capac i ty  than  t h e  s imple conduction devices  

now used. Mechanically r e l i a b l e  c l o s u r e s  t h a t  can probably be  adapted 

t o  su rv ive  any of t h e  pos tu l a t ed  impact cond i t ions  of a major acc iden t  

are now commercially a v a i l a b l e .  

f a s t  b reeder  f u e l  t o  b e  shipped both s a f e l y  and economically,  probably 

a t  a u n i t  c o s t  (mills/kwhr of e l e c t r i c i t y )  approximating t h a t  f o r  sh ipping  

LWR f u e l s  a t  t h e  p r e s e n t  t i m e .  

The success  of t h e s e  s t u d i e s  may enable  

Af t e r  t r a n s p o r t ,  t h e  mechanical disassembly of  an LMFBR i r r a d i a t e d  

f u e l  element i s  a formidable  problem because of t h e  need f o r  e f f i c i e n t  

d i s s i p a t i o n  of l a r g e  amounts of h e a t  wh i l e  performing remote ope ra t ions .  

. A  v a r i e t y  of head-end methods w i l l  b e  assessed  f o r  t h i s  i n i t i a l  important  

s t e p .  A f i n i t e  p r o b a b i l i t y  e x i s t s  t h a t  f a i l e d  f u e l  p i n s ,  conta in ing  

sodium coo lan t  i n  t h e  i n t e r s t i c e s  of oxide f u e l  (sodium-logged), w i l l  

b e  p re sen t .  

The r e t e n t i o n  of 1311, encountered even i n  t h e  processing of 150- 

day-cooled LWR f u e l s ,  w i l l  b e  an ove r r id ing  problem wi th  LMFBR f u e l s .  

Iod ine  r e t e n t i o n  f a c t o r s  i n  t h e  range of 10 

p r a c t i c e )  t o  lo8 w i l l  b e  r equ i r ed  f o r  150-day-cooled FFTF f u e l  and 

f o r  f u t u r e  30-day-cooled LMFBR f u e l ,  r e s p e c t i v e l y .  The chemistry of 

i od ine  i s  complex, and t h e r e  i s  n o t  s u f f i c i e n t  knowledge of t h e  behavior  

3 (near  t h e  range of p re sen t  

of i o d i n e  i n  t h e  va r ious  cond i t ions  encountered i n  a f u e l  process ing  

p l a n t  t o  des ign  a t rea tment  system wi th  t h e  r e l i a b i l i t y  reqi l i red f o r  

LMFBR f u e l s .  

i od ides  i n  t h e  off-gas  system reduces t h e  e f f i c i e n c y  of iod ine  removal 

s t e p s .  

by conversion t o  CO H 0,  and I i n  a c a t a l y t i c  o x i d i z e r  using Hopcal i te  

c a t a l y s t  (oxides  of copper and manganese) a t  150 t o  500OC.  Iodine  

For example, t h e  presence of o rgan ic  vapors  and organic  

Ear ly  s t u d i e s  i n d i c a t e  t h a t  t h e  o rgan ic  materials can be  e l imina ted  

2 '  2 2 
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r e t e n t i o n  w a s  i nc reased  by a t  l eas t  two o r d e r s  of magnitude i n  a f i e l d  

tes t  of a c a t a l y t i c  oxidizer--charcoal  adsorber  system i n  t h e  Transuranium 

Processing P l a n t  a t  ORNL 

F i s s i o n  product  gases  i n t e r s t i t i a l l y  t rapped i n  oxide  f u e l s  can 

be v o l a t i l i z e d  and c o l l e c t e d  i n  a r e l a t i v e l y  s m a l l  volume when t h e s e  

f u e l s  are hea ted  i n  oxygen a t  temperatures  g r e a t e r  than about 400°C. 

Simi la r  v o l a t i l i z a t i o n  i s  expected on ox ida t ion  of ca rb ide  o r  n i t r i d e  

f u e l s .  Ear ly  s t u d i e s  show t h a t  nea r ly  q u a n t i t a t i v e  removal of noble  

gases  and approximately 90% removal of i o d i n e  and tritium are obta ined  

from UO but  t h a t  removal i s  more d i f f i c u l t  and unpred ic t ab le  f o r  20% 

PuO2--8O% U02. 

gas removals v a r i e d  from 20 t o  98%; t h e  removal of i o d i n e  i s  under 

s tudy .  High-eff ic iency r e t e n t i o n  of t h e  i o d i n e  i s  enhanced wi th  increased  

concent ra t ion ,  and t h e  removal of t h e  a c t i v e  i o d i n e  a f t e r  t h e  f u e l  

i s  sheared b u t  be fo re  i t  reaches t h e  d i s s o l v e r  would g r e a t l y  reduce 

the  problems a t t r i b u t e d  t o  i o d i n e  i n  c u r r e n t  process ing  experience.  

The ox ida t ive  h e a t  t rea tment  may have o t h e r  advantages as w e l l .  For 

example, t h e  sodium t h a t  i s  p r e s e n t  as a r e s u l t  of f a i l e d  f u e l  rods  

w i l l  be deac t iva t ed  i n  t h i s  s t e p .  I n  a d d i t i o n ,  t h e  ox ida t ion  of UO 

t o  U 0 involves  a phase change which tends  t o  degrade t h e  oxide  i n t o  

a f i n e  g r a n u l a r  form. The phase change, i n  t u r n ,  makes t h e  phys ica l  

s e p a r a t i o n  of t h e  uranium oxide from t h e  s t a i n l e s s  s t ee l  cladding a 

p o s s i b i l i t y  and provides  f o r  a f a s t e r  d i s s o l u t i o n  of t h e  uranium oxide 

i n  n i t r i c  ac id .  This  advantage i s  probable  b u t  whether i t  a p p l i e s  

a l s o  t o  t h e  mixed oxide i s  y e t  t o  b e  determined. The ox ida t ion  of 

uranium oxide be fo re  d i s s o l u t i o n  reduces t h e  q u a n t i t y  of n i t r o u s  oxides  

evolved i n  t h e  d i s s o l v e r  off-gas .  

2 
T r i t i u m  removal w a s  g r e a t e r  than 90%, whereas noble  

2 

3 8  

Radia t ion  damage t o  t h e  s o l v e n t ,  i n  s p i t e  of t h e  h igh  s p e c i f i c  

a c t i v i t y  of t h e  LMFBR f u e l s ,  should n o t  be  a s i g n i f i c a n t  problem. By 

using high-speed con tac to r s ,  t h e  e x t e n t  of so lven t  exposure t o  r a d i a t i o n  

can be  h e l d  f a r  below t h e  l i m i t s  t h a t  have a l r eady  proved t o  b e  satis- 

f a c t o r y  i n  p l a n t  practice. These con tac to r s  a l s o  have h igh  capac i ty  

and quick  response and are  amenable t o  scale-up t o  l a r g e  capac i ty .  

On t h e  bases  of l abora to ry  and h o t - c e l l  tests, w e  have concluded f u r t h e r  
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t h a t  pu lsed  columns should be  usab le  wi thout  s e r i o u s  consequence t o  

so lven t  performance. Confirmatory tests are cont inuing .  

P a s t  exper ience  wi th  t h e  d i f f i c u l t y  of i n t e r p r e t i n g  anomalous 

behavior  when t h e  e x t r a p o l a t i o n  of l abora to ry  d a t a  t o  p l a n t  a p p l i c a t i o n  

i s  undertaken has  l e d  us  t o  b e l i e v e  t h a t  r a d i o a c t i v e  engineer ing-scale  

experiments t o  remove scale-up u n c e r t a i n t i e s  may be  j u s t i f i e d .  Planning 

f o r  t h e  engineer ing-sca le  experiments f o r  t h i s  purpose could begin 

i n  mid-1971, wi th  equipment i n s t a l l a t i o n  and check-out and ope ra t ion  

spanning t h e  pe r iod  1972 t o  1974. The culminat ion of such engineer ing  

tests should inc lude  ope ra t ion  under f u l l - s c a l e  r a d i o a c t i v i t y ,  probably 

wi th  FFTF f u e l ,  which should b e  a v a i l a b l e  about  t h a t  t i m e  (FFTF i s  

scheduled t o  go c r i t i c a l  i n  1973).  

w i l l  have been e s t a b l i s h e d  during t h e  i n i t i a l  growth of t h e  LMFBR power 

p l a n t s ,  g iv ing  a l ead  t i m e  of approximately f i v e  t o  seven years f o r  

commercial f u e l  process ing  i n t e r e s t s  t o  complete t h e  s i t e  s e l e c t i o n ,  

des ign ,  cons t ruc t ion ,  and s t a r t u p  of a p l a n t  s p e c i f i c a l l y  designed 

t o  accommodate f a s t  r e a c t o r  f u e l  i n  t h e  e a r l y  1980's .  

The assurance  of LMFBR technology 

The concepts  of f lowsheet  (or  equipment) t h a t  d i c t a t e  p l a n t  des ign  

must be e s t a b l i s h e d  be fo re  meaningful engineer ing  tests can m a t e r i a l i z e .  

These t a s k s  are scheduled e a r l y  t o  e s t a b l i s h  t h a t  a concept has  economic 

m e r i t  and t e c h n i c a l  r e l i a b i l i t y  and i s  s u i t a b l e  f o r  a design b a s i s .  

Prel iminary des ign  can then proceed apace wi th  t h e  cont inuing development 

of d e t a i l e d  t e c h n i c a l  in format ion  and parameters .  Later, wi th  ope ra t ion  

of t h e  engineer ing-sca le  experiments,  process  suppor t  and t e c h n i c a l  

backup f o r  r e so lv ing  t h e  anomalous problems t h a t  i n v a r i a b l y  ar ise  during 

t h e  e a r l y  phases of f u l l - s c a l e  ope ra t ion  w i l l  b e  r equ i r ed .  

I n  dec id ing  t h e  p r i o r i t y  of t h e  va r ious  t a s k s  and subtasks  i n  

the  per iod FY 1969 t o  1973, w e  have ass igned  f i r s t  p r i o r i t y  t o  reducing 

t h e  u n c e r t a i n t i e s  t h a t  e x i s t  i n  applying p r e s e n t  aqueous technology 

t o  LMFBR f u e l s  ( s e e  Table  2 .2) .  The major problems involved i n  t h i s  

category are s a f e  t r a n s p o r t  , h e a t  d i s s i p a t i o n  during- handl ing , e f f e c t  

of c r i t i c a l i t y  on p l a n t  scale-up,  and off-gas r e t e n t i o n ,  e s p e c i a l l y  

iodine.  

i n  scout ing  experiments and sub jec t ed  t o  t e s t i n g  i n  o rde r  t o  e s t a b l i s h  

I n  a d d i t i o n ,  a l l  t h e  chemical process ing  s t e p s  w i l l  be  examined 
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Table 2 .2 .  I d e n t i f i c a t i o n  of Top P r i o r i t y  Tasks 

Period 
~~ ~ 

Task 1969-1 973 1971 -1 974 5 974- 1 977 

Shipping 

Heat d i  s s i p a  t i o n  

Containment 

P r i o r i t y  1 

P r i o r i t y  1 

Receiving and s torage  

Sodium removal 

Heat d i s s i p a t i o n  

P r i o r i t y  1 

P r i o r i t y  1 

Head -end process ing  

He a t  d i  s s i  p a t  i on P r i o r i t y  1 

V o l a t i l e  f i s s i o n  product  
removal P r i o r i t y  5 

Leaching P r i o r i t y  2 

Feed p r e p a r a t i o n  P r i o r i t y  2 

Solvent  e x t r a c t i o n  P r i o r i t y  2 

Pu i s o l a t i o n  P r i o r i t y  2 

Waste d i s p o s a l  

Gaseous f i s s i o n  
p roduc t s  

Other 

Off-gas t r ea tmen t  

Engineering- s c a l e  
experiments  

Desigd' 

Cons t ruc t ion  

Opera t ion  and suppor t  

P r i o r i t y  i 

P r i o r i t y  2 

P r i o r i t y  1 

P r i o r i t y  1 

P r i o r i t y  1 

P r i o r i t y  1 
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t h e  technology necessary  f o r  subsequent  commercial LMFBR process ing  

p l a n t s .  Engineer ing-scale  experiment des ign  and c o n s t r u c t i o n  are scheduled 

t o  begin  i n  mid-1971 and i n  1972, r e s p e c t i v e l y ;  t hus  t h e s e  t a s k s  are 

g iven  f i r s t  p r i o r i t y  i n  t h e  1971-74 pe r iod .  Beyond 1974, first p r i o r i t y  

s h i f t s  t o  t h e  o p e r a t i o n  of t h e  engineer ing-sca le  experiments and t h e  

suppor t ing  development work. 

3 .  GENERAL ASPECTS OF LMFBR FUEL PROCESSING 

The development of aqueous processes  f o r  t h e  recovery of plutonium 

from s p e n t  LMFBR f u e l s  r e q u i r e s  t h e  s o l u t i o n  of many cha l lenging  problems. 

A s  compared w i t h  l i gh t -wa te r  r e a c t o r  (LWR) f u e l s ,  t h e  LMFBR core  f u e l s  

are c h a r a c t e r i z e d  by h igh  s p e c i f i c  power, h igh  burnup, and h igh  plutonium 

content .  1 

The h igh  s p e c i f i c  powers r e s u l t  i n  h igh  h e a t  removal requirements  

f o r  t h e  f u e l  rods ,  which, i n  t u r n ,  r e q u i r e  s m a l l  rod diameters  (-0.25 i n . )  

and poss ib ly  a sodium bond between t h e  f u e l  and c ladding .  

LMFBR elements  are n o t  f a b r i c a t e d  w i t h  a sodium bond, i t  is  l i k e l y  t h a t  

a s i g n i f i c a n t  f r a c t i o n  of t h e  rods  w i l l  con ta in  sodium as a r e s u l t  of 

c ladding f a i l u r e s .  Schemes must be  devised  f o r  removal of t h i s  sodium 

p r i o r  t o  f u e l  e lement  d i s s o l u t i o n  because sodium can react exp los ive ly  

wi th  f u e l  d i s s o l v e n t s .  

Even i f  t h e  

The e f f e c t  of t h e  requirements  f o r  wi ths tanding  h igh  burnups and 

f o r  c o m p a t i b i l i t y  w i t h  sodium a t  a temperature  of up t o  1300°F i s  t o  

focus a t t e n t i o n  on f u e l  c ladding  materials o t h e r  than  Zi rca loy  and 

aluminum, f o r  which most process ing  experience.  i s  a v a i l a b l e .  Vanadium, 

n i c k e l ,  and f e r r o u s  a l l o y s ,  as w e l l  as t h e  a u s t e n i t i c  s t a in l e s ' s  s teels,  

are being considered.  The va r ious  c ladding  materials t h a t  may evolve 

f o r  LMFBR's d i c t a t e  a v e r s a t i l e  mechanical scheme f o r  exposure of f u e l  

t o  d i s s o l v e n t  as opposed t o  chemical methods. 

The h igh  plutonium con ten t  of t h e  f u e l  and t h e  a t t e n d a n t  h igh  

inventory charge provide i n c e n t i v e  t o  reduce t h e  p o s t i r r a d i a t i o n  decay 

( i . e . ,  cool ing)  t i m e .  Shor t  cool ing  pe r iods  i n c r e a s e  t h e  problems of 
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h e a t  removal i n  sh ipping ,  handl ing ,  and process ing ,  and r e q u i r e  

g r e a t l y  enhanced schemes f o r  t rea tment  of sho r t - l i ved  v o l a t i l e  f i s s i o n  

products .  

schemes f o r  c r i t i c a l i t y  c o n t r o l  s i n c e  only a very  s m a l l  u n i t  of  f u e l  

would b e  r equ i r ed  t o  i n i t i a t e  c r i t i c a l i t y  i n  t h e  l a r g e  vessels t h a t  

are cus tomar i ly  used f o r  process ing  of low-enriched LWR f u e l s .  

The high plutonium content  a l s o  d i c t a t e s  t h e  use of advanced 

The fol!.owing s e c t i o n s  p r e s e n t  a more d e t a i l e d  d e s c r i p t i o n  of 

LMFBR f u e l  c h a r a c t e r i s t i c s ,  w i th  emphasis on t h e  near - te rn  f u e l  f o r  

which des ign  concepts are a v a i l a b l e .  Sec t ion  3 .3  reviews c u r r e n t  

technology f o r  aqueous process ing  of LWR f u e l s  and i d e n t i f i e s ,  i n  a 

g e n e r a l  way, op t ions  f o r  t h e  aqueous process ing  of LMFBR f u e l s  on 

in t e r im  and long-term bases .  

3 . 1  LMFBR Fuel  Element P r o p e r t i e s  

Because of  t h e i r  r e l a t i v e l y  advanced technology, mixed oxide f u e l  

(UO -PuO ) and a u s t e n i t i c  s t a i n l e s s  s teel  cladding have been chosen 

f o r  t h e  F a s t  Flux Test F a c i l i t y  and w i l l  probably b e  used i n  f i r s t  

cores  of demonstrat ion r e a c t o r s .  Later f u e l s  may inc lude  ca rb ides ,  

n i t r i d e s ,  and metal a l l o y s .  Later cladding materials may inc lude  a l l o y s  

of vanadium (e .g . ,  V-1OTi-Cr-Mo-Nb), n i c k e l  (e .g . ,  Ni-20Cr-Fe-Nb-Mo- 

T i ) ,  and c o b a l t  (e .g . ,  Co-20Cr-Fe-Ni-Mo-Nb). 

2 2  

2 

Table  3 .1  p r e s e n t s  a comparison of p r o p e r t i e s  t h a t  w i l l  probably 

encompass t h e  scope of t h e  e a r l y  LMFBR's. These d a t a  inc lude  those  

f o r  t h e  FFTF;3'4 t h e  Reference Oxide LMFBR des ign  t h a t  w a s  developed 

by Atomics I n t e r n a t i o n a l  (AI) f o r  t h e  Systems Analysis  Task Force Study; 

and conceptua l  1000-Mw ( e l e c t r i c a l )  LMFBR des igns  developed by A I ,  

Babcock and Wilcox, 

and Westinghouse 18-20 i n  t h e  follow-on s t u d i e s  made under t h e  d i r e c t i o n  

of t h e  Argonne Nat iona l  Laboratory.  

5 

6-9 

12-14 15-17 Combustion Engineering, General  E l e c t r i c ,  
10,11 

A l l  of t hese  r e a c t o r  concepts  u t i l i z e  a u s t e n i t i c  s t a i n l e s s  s tee l  

c ladding;  f i v e  use oxide  f u e l  and a g a s  bond and two use ca rb ide  f u e l  

and a sodium bond. The co re  average s p e c i f i c  power v a r i e s  from 100 



Table 3.1. Comparison of P r o p e r t i e s  of FFTF and Conceptual LMFBR's 

A I  Follow -On P l a n t  sa 
FFTF Ref, A I  E?&W CE GE W 

Oxide 

Fuel  form Oxide Oxide Oxide Oxide Carbide Oxide Carbide 

Nuclear d a t a  ( a t  f u l l  power) 
Power, Mw ( the rma l )  400 2500 2400 2450 2465 241 7 2600 

Core 
Avg. sp. pwr., Mw/metric ton  
( u +  fi) 158 
Burnup, Mwd/metric t on  45 , 000 
Charge, metric t o n  (U + Pu) 2 .5  
Charge, me t r i c  t o n  ( f i s s i l e  Pu) 0.51 
Charge, Pu/(U + PU) 0.23 
Rbd avg. l i n e a r  pwr., kw/ft 7.8 
Rod m a x .  l i n e a r  pwr., kw/ft 13.1 
M a x .  c l a d .  temp., OF 
M a x .  f u e l  temp., OF 4200 

Axial b l a n k e t  
Avg, sp. pwr., Mw/metric 
t o n  (U) 
Burnup, Mwd/metric t o n  ( U )  
Charge, metric t o n  ( U )  

R a d i a l  b l a n k e t  
Avg. sp.  pwr., Mw/metric 
t o n  (u) 
Burnup, Mwd/metric t o n  ( U )  
Charge, me t r i c  t o n  ( U )  

Core-axia l  b l a n k e t  f u e l  assembly Hex, 

Number p e r  r e a c t o r  76 

175 
80,000 
12.6 
1.96 
0 . 2 2  
10.0 
16. 
1230 
4748 

5.5 
2500 
7.32 

10. 
81 00 
26.7 

Hex, 

252  

11.5 103 
67,400 100,000 
19.1 23.9 
2.33 2 .77  
0.171 0.16 
I O .  1 8 .3  
16.0 14.4 
1220  1174 

Loo0 

5.71 2.83 
3 340 2000. 
13.1 19.1 

7.89 8.38 
12,700 9000. 
15.6 16.1 

Hex. Hex. 

2 74 288 

1 2 2  
1 00,000 
17.32 
1 .92  
0.16 
29.5 
43.5 
1170 
2310 

1 0 . 2  
7 800 
25.97 

2 4 . 2  
57,000 
5.69 

C i r c u l a r  

219 

157 161 
100,000 100,000 
13.45 13.7 
1.62 1.98 
0.17 0.18 
9.63 18.5 
16.3 39.2 
1300 1300 

2620 

1 2 . 2  
7200 
15.0 1 1 .  

6.95 ' 3.0 
7 000 
16.7 33. 

Hex. Square 

265 244 



Table 3.1 . (Cont I d. ) 

A I  Follow-On P lan t sa  

Oxide A I  E?&W CE GE W FFTF Ref. 

Shroud m a t e r i a l  

Length 

Thickness,  i n .  

Core, i n .  
Axial b l a n k e t  (each  end) ,  i n .  
Plenum, i n .  
Rod, i n .  
Overa l l ,  i n .  

Width or  d iameter ,  i n .  

Fuel r o d  data 
N h b e r  p e r  assembly 
Outsid; d iameter ,  i n .  

Clad t h i c k n e s s ,  i n .  
Clad m a t e r i a l  
Fue l  d e n s i t y ,  $ t h e o r e t i c a l  
Bond 
Vent e d ? 
Type of spacer  

P i tch ,  i n .  

Spacer m a t e r i a l  

R a d i a l  b l a n k e t  assembly 

Number pe r  r e a c t o r  

Length 
Fuel ,  i n .  
Rod, i n .  
Overa l l ,  i n .  

ss 
0.140 

36 

36 
87 
168 
4.61 5 

21 7 
0.230 
0.286 
0.01 5 
316 SS 
88 
He 
No 
Wire 
ss 

ss ss 
0.168 0.140 

48 42.8 
1 2  12 ,15  
60 38 
144 110 
21 2 180 

5.4 5.62 

21 7 
0.25 
0.3111 
0.015 
304 SS 
80, 93 
He 
No 
Wire 
ss 

21 7 
0.300 
0.359 
0.01 75 
316 SS 
88, 93 
He 
No 
Wire 
ss 

Hex, Hex. 

147, 87 66, 72 

60, 48 56, 43 
84, 72 66, 53 
21 2 I 80 

ss 
0.128 

34.7 
14 

66 
110 

6.45 

331 
0.280 
0.337 
0.01 0 
304 SS 
85 
He 
Yes 
Ribbon 
ss 
Hex. 

138 

42.7 
66 
110 

, ss ss 
0.050 0.060 

21r 30 
18 15 
18 20 
79.8 82.3 
144 119 

6.53 5.62 

163 
0.400 
0.451 
0.011 
316 SS 

99 b 
0.014 Na 
Yes 
Wire 
ss 

33 1 
0.25 
0.30 
0.010 
316 SS 
85 
He 
Ye s 
Wire 
ss 

Hex. Hex, 

60 126 

36 60 
51.8 82 
1 44 119 

ss 
0.020 

39.3 
15 
25 

1 2 2 . 5  

5.25 

100 

168 
0.302 
0.375 
0.012 
316 SS 

90 b 
0.03 Na 
Ye s 
6 g r i d s  
Inconel  

Square 

273 

69.3 
100 
1 2 2 . 5  



Table 3.1 . (Cont I d. ) 

A I  Follow -On P l a n t  sa 

Oxide A I  E!&W CE GE W FFTF Ref,  

Width o r  d iameter ,  i n .  5.4 5.62 6.45 6.53 5.62 5.25 
Fue l  r o d  d a t a  

Number per  assembly 
Outs ide  diameter ,  i n .  
P i t c h , '  i n .  
Clad th i ckness ,  i n .  
Clad m a t e r i a l  
Fue l  d e n s i t y ,  % t h e o r e t i c a l  
Bond 
Vent e d? 
Type of spacer  

Spacer m a t e r i a l  

169, 91 
0.35, 0.51 
0.36, 0.49 
0.01 5 
304 SS 
93 
He 
No 
Wire 
ss 

91, 61 
0.50, 0.62 
0.55, 0.68 
0.01 75 
316 SS 
93 
He 
No 
Wire 
ss 

91 
0.61 0 
0.640 
0.01 7 
304 SS 
90 
He 
Ye s 
Ribbon 
ss 

91 
0.600 
0.652 
0.020 
316 SS 
99 b 
0.02 Na 
No 
Wire . 

ss 

127 
0.42 
0.47 
0.015 
316 SS 
95 
He 
No 
Wire 
ss 

60 
0.55 
0.604 
0.012 
316 SS 
Oxide , 95 
He 
No 

a 
A I  = Atomics I n t e r n a t i o n a l ;  B&W = Babcock and Wilcox; CE = Combustion Engineering; GE = General 
E l e c t r i c ;  W = Westinghouse. 

Inches.  

C The Westinghouse rods  have a square p i t c h ;  a l l  o t h e r s  have a t r i a n g u l a r  p i t c h .  
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t o  175 M w / m e t r i c  t on ,  and t h e  average co re  burnup v a r i e s  from 45,000 

t o  100,000 Mwd/metric ton.  The average l i n e a r  power and t h e  peak l i n e a r  

power i n  t h e  core  f u e l  rods are 8 t o  10 and 1 4  t o  16 kw/f t ,  r e spec t ive ly ,  

i n  t h e  oxide des igns ,  and 18  t o  30 and 39 t o  44 kw/f t ,  r e s p e c t i v e l y ,  

i n  t h e  carb ide  des igns .  The 1000-Mw ( e l e c t r i c a l )  des igns  employ an 

inne r  a r r a y  of i n t e g r a l  core-ax ia l  b lanket  f u e l  assemblies  surrounded 

by a l a y e r  of axial  b l anke t  assemblies .  

by a s p e c i f i c  power of about 10 M w / m e t r i c  t on  and a burnup of approximately 

10,000 Mwd/metric ton.  

The b l anke t s  are cha rac t e r i zed  

3 .1 .1  Overa l l  Desc r ip t ion  of Fuel  Elements 

The core-ax ia l  b l a n k e t  f u e l  elements of t h e  oxide conceptual  des igns  

are cha rac t e r i zed  by a (normally hexagonal) bundle  of e i t h e r  217 o r  

331 f u e l  rods .  The ca rb ide  des igns  have fewer rods  of l a r g e r  diameter .  

The o v e r a l l  width of t h e  assembly ranges from 4.6 t o  6 .5  i n . ,  and t h e  

o v e r a l l  l eng th  ranges from 9 t o  18 f t .  The most common f u e l  rod spacer  

i s  a s t a i n l e s s  s t e e l  s p i r a l  w i r e  wrap wi th  an ampli tude of 6 t o  1 2  

i n ,  al though some c u r r e n t  des igns  employ t h i n  g r i d s ;  t h e  Westinghouse 

design u t i l i z e s  s i x  g r i d s  of  Inconel  718. The shrouds f o r  which d a t a  

are a v a i l a b l e  are made of s t a i n l e s s  steel  of t h i cknesses  varying from 

0.05 t o  0.168 i n .  

The r a d i a l  b l anke t  f u e l  assemblies  gene ra l ly  have t h e  same o v e r a l l  

s i z e  and outward appearance as t h e  core-ax ia l  b lanket  assembl ies .  The 

rods are gene ra l ly  l a r g e r  i n  diameter  and fewer i n  number. 

3 .1 .2  Fue l  Rod Descr ip t ion  

The core-ax ia l  b lanket  f u e l  rods i n  t h e  oxide  des igns  have o u t s i d e  

diameters  varying from 0.23 t o  0.30 i n .  and w a l l  t h i cknesses  varying 

from 0.010 t o  0.0175 i n .  The two ca rb ide  des igns  have rod diameters  

of 0.30 and 0.40 i n .  and a cladding w a l l  t h i ckness  of about 0.010 i n .  

The l eng th  of t he  co re  s e c t i o n  varies from 24 t o  48  i n . ,  and t h e  l eng th  

of t h e  axial b lanket  s e c t i o n  (each end) v a r i e s  from 1 2  t o  18 i n .  The 

des igns  wi th  nonvented rods u t i l i z e  a gas  plenum wi th  a l eng th  up t o  
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60 i n .  

rods have o u t s i d e  d iameters  ranging from 0.35 t o  0.62 i n .  

The rod l eng ths  vary from 66 t o  144 i n .  The r a d i a l  b l anke t  

3.1.3 Fuel  and Cladding 

The smeared d e n s i t y  of t h e  f u e l  i n  t h e  oxide co re  des igns  ranges 

from 80 t o  88% of t h e o r e t i c a l ,  whi le  t h e  ca rb ide  core  f u e l s  have d e n s i t i e s  

up t o  99% of theo re t i ca l . .  The candida te  f u e l  forms are p e l l e t s  o r  

"rods" of mechanical ly  blended o r  c o p r e c i p i t a t e d  oxides ,  v i b r a t o r i l y  

compacted so l -ge l  ox ides ,  and p e l l e t e d  ca rb ides .  The f u e l  i n  t h e  b l anke t s  

is  g e n e r a l l y  more dense than t h a t  i n  t h e  co re  because of t h e  lesser 

requirement f o r  vo id  space  t o  compensate f o r  swel l ing .  

The cladding material f o r  FFTF and a l l  of  t h e  conceptual  des igns  

i s  e i t h e r  304 o r  316 (2.5 w t  % of molybdenum) s t a i n l e s s  s teel .  

3.2 P r o p e r t i e s  of I r r a d i a t e d  Fuel  

The nuc lea r  p r o p e r t i e s  of t h e  conceptual  LMFBR f u e l s  shown i n  

Table  3.1 are s u f f i c i e n t l y  similar t h a t  each type  of spen t  f u e l  could 

con ta in  e s s e n t i a l l y  t h e  same i s o t o p i c  concen t r a t ions  and gene ra t e  equ iva len t  

thermal power fol lowing normal r e a c t o r  ope ra t ing  cond i t ions  t h a t  would 

inc lude  v a r i a b l e  load  f a c t o r  and, poss ib ly ,  e a r l y  r e f u e l i n g .  For t h i s  

reason,  t h i s  s e c t i o n  w i l l  p r e s e n t  d e t a i l e d  spen t  f u e l  p r o p e r t i e s  f o r  

only one of t h e  concepts ,  based on i r r a d i a t i o n  cond i t ions  t h a t  w i l l  

provide probable  upper l i m i t  concent ra t ions  of f i s s i o n  products  and 

thermal power as a func t ion  of p o s t i r r a d i a t i o n  decay t i m e ,  The A I  

Reference Oxide concept w a s  s e l e c t e d  f o r  t h i s  a n a l y s i s  because i t  has  

t h e  h i g h e s t  s p e c i f i c  power, and r e l a t i v e l y  complete documentation is  

p resen t ly  a v a i l a b l e .  

Masses, r a d i o a c t i v i t y ,  and thermal  power of f i s s i o n  products ,  

a c t i n i d e s ,  and a c t i v a t i o n  products  i n  t h e  A I  Reference Oxide Reactor 

were c a l c u l a t e d  as a f u n c t i o n  of i r r a d i a t i o n  and cool ing  time, using 

t h e  ORIGEN program and t h e  l i b r a r y  of nuc lea r  d a t a  (Appendix D) t h a t  

are d iscussed  i n  Sec t .  4.12. The co re  w a s  assumed t o  ope ra t e  a t  a 
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cons tan t  average s p e c i f i c  power of 148.15 M w / m e t r i c  ton  f o r  540 days 

(equiva len t  t o  a load  f a c t o r  of 0 . 8 5 ) .  

b lanke t  w a s  i npu t  as a s t e p  func t ion  varying from 2.27 M w / m e t r i c  ton  

i n i t i a l l y  t o  6.99 M w / m e t r i c  t on  a t  d i scha rge  (540 days ) ,  and averaging 

4.63 Mw/metric ton.  

from 2.32 M w / m e t r i c  ton  i n i t i a l l y  t o  14.38 M w / m e t r i c  ton a t  t h e  540- 

day d ischarge  t i m e ,  and averaged 8.4 M w / m e t r i c  ton.  T rans i en t  concent ra t ions  

of t h e  approximately 700 nuc l ides  i n  t h e  c u r r e n t  d a t a  l i b r a r y  w e r e  

c a l c u l a t e d .  Sec t ions  3.2.1-3.2.3 p re sen t  summary r e s u l t s  of t h e  most 

important  nuc l ides  i n  t h e  spen t  f u e l  i n  terms of mass, r a d i o a c t i v i t y ,  

and thermal  power. 

o r  uranium p l u s  plutonium, as charged t o  t h e  co re ,  axial  b l a n k e t ,  o r  

r a d i a l  b l anke t .  

t h e  t y p i c a l  i s o t o p i c  composition produced by LWR's. 

The s p e c i f i c  power of t h e  axial 

The s p e c i f i c  power of t h e  r a d i a l  b l anke t  w a s  va r i ed  

All r e s u l t s  are based on one m e t r i c  ton  of uranium, 

The plutonium charged t o  t h e  core  w a s  assumed t o  have 

Resu l t s  are a l s o  presented  f o r  b lends  of core  and b l anke t  f u e l .  

The core-ax ia l  b lanket  blend is  i l l u s t r a t i v e  of  t h e  mixture  of nuc l ides  

t h a t  would r e s u l t  from d i s s o l u t i o n  of core-ax ia l  b lanket  f u e l  elements.  

The core-ax ia l  b l anke t - r ad ia l  b l anke t  blend may be used f o r  e s t ima t ion  of 

t h e  p r o p e r t i e s  of t h e  mixed waste genera ted  by f u e l  processing.  

from t h e  t h r e e  reg ions  are blended i n  t h e  fa l lowing  p ropor t ions ,  by weight:  

0.3624 of core ,  0.2106 of axial  b l a n k e t ,  and 0.4269 of r a d i a l  b lanket .  

Fuels  

3 . 2 . 1  F i s s i o n  Products  

Table  3.2 and t h e  t a b l e s  of  Appendix A p re sen t  c a l c u l a t e d  masses, 

r a d i o a c t i v i t y ,  and thermal  power of important  f i s s i o n  products  i n  spent  

LMJ?BR co re ,  ax ia l  b l anke t ,  and r a d i a l  b l anke t  as a func t ion  of post-  

i r r a d i a t i o n  cool ing t i m e .  S imi l a r  c a l c u l a t i o n s  made f o r  co re  f u e l  

i r r a d i a t e d  t o  a burnup of 100,000 Mwd/metric t on  a t  a s p e c i f i c  power 

of 157 Mw/metric t on  and a load f a c t o r  of  80% r e s u l t e d  i n  up t o  20% 

h ighe r  concent ra t ions  of  some of t h e  long-l ived f i s s i o n  products ,  such 

as 85Kr and 'OS,, bu t  lower g ross  thermal  power by 5 t o  15%. 



Table 3.2. F i s s i o n  Product A c t i v i t y  of Spent LMFBR Core Fue l  as  a Function 
of Decay Time 
Burnup = 80,000 Mwd/metric ton 
Specific power = 148.15 Mw/metric ton 
Nuclide activities a re  given in  cur ies  per metric ton (U + Pu) charged to core 

After Cooling Times of: On Discharge 
from Reactor 30 days 90 days  150 days  3 years  30 years  

3H 
85Kr 
86Rb 

9% f 90Y 

91Y 
9 5 ~ r  
95mNb 

95Nb 
"Mo + 99mTc 
103Ru + 103mRh 

'06Ru + lo6Rh 
l l O m  

110 

111 

Cd 1 1 3 m  

1 1 5mCd 

Sn 1 1 9 m  

Sn l 2 l m  

Sn 1 2 3 m  

1 2 5 ~ n  
12'Sb 
1 25mTe 

I2%b 

"'Sb 
1 2  7mTe + 1 2  7Te 

1 29mTe 

29Te 

Ag 

Ag 
.Ag 

1 2 g I  

1 3 I I  

l 3 l m  

1 3 2 ~ ~  + 1321 
Xe 

1 3 3 ~ e  
1 3 4 c s  

1 3 k S  
137cs + 137mBa 

140Ba + I4OLa 
I4l<=e 

1 4 3 ~ r  
' 4 4 ~ e  + 1 4 4 ~ r  

'Nd 
1 4 7 ~ m  
1 48mpm 

2,340 
24,900 
8,150 
2,240,000 
209,000 
3,080,000 
7,050,000 
141,000 
6,970.000 
13.950.000 
14,480,000 
6,820,000 
4,650 
323,000 
505,000 
341 
954 
49.9 
142 
2,070 
153.000 
50,500 
17,100 
10.200 
846.000 
1,023,000 
818.000 
1,960,000 
0.129 
4,320,000 
45,100 
12,140,000 
7,920.000 
78,600 
365,000 
515,000 
12.960.000 
6,760,000 
6,380,000 
6,820,000 
2,830.000 
8 12.000 
177,000 

2,330 
24,800 
2,670 
1,500,000 
206,000 
2,170,000 
5,120,000 
109,000 
6,510,000 
8,510 
8,570,000 
6,460,000 
4,280 
557 
31,600 
340 
558 
46.0 
142 
1,750 
16,700 
50,700 
17.900 
1.940 
4.040 
315.000 
446.000 
286.000 
0.131 
336.000 
15.100 
20,500 
18 1.000 
76,500 
73,800 
51 4,000 
2,690,000 
3.580.000 
1,850.000 
6,180,000 
434,000 
822.000 
108,000 

2,310 
24,500 
288 
674,000 
204,000 
1,070,000 
2,700,000 
57,300 
4,460.000 
0.00289 
3,000,000 
5,760.000 
3,630 
472 
123 
337 
224 
38.9 
142 
1,250 
200 
48,800 
18,700 
73.8 
0.0888 
213,000 
131.000 
84.100 
0.132 
1.920 
581 
0.0583 
67.5 
72,400 
3,010 
51 2,000 
104,500 
991,000 
89,000 
5,340,000 
10,300 
792,000 
40,000 

2,290 
24,300 
31 
303,000 
204,000 
527,000 
1,420,000 
30,200 
2,660,000 

1,049,000 
5,140,000 
3,080 
40 1 
0.482 
334 
85.0 
32.9 
142 
900 
2.40 
46,700 
18,600 
6.85 

145,600 
38,600 
24,800 
0.133 
10.9 
17.9 

0.0252 
68.400 
123 
510,000 
4,060 
275.000 
4.270 
4,620,000 
242 
758,000 
14,900 

1,980 
20,600 

1.01 
191,000 
7.56 
59.2 
1.26 
126 

0.0675 
862,000 
23 1 
300 

294 

2.39 
138 
4.74 

24,000 
9,960 
4.36 

354 

0.133 

28,500 

480,000 

458.000 

382,000 

43 2 
3,610 

98.200 

0.00698 

77.3 

108 

23.4 
9.7 
4.36 

0.133 

3.16 

257,000 

302 
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Table 3 . 2  (continued) 

' " ~ m  

' 54Eu 

'"Eu 

' 'Eu 
' 60Tb 
' ' 'Tb 
16ZGd + 162mTb 

Total curies/metric ton 

Beta power, w/metric ton 
Gamma power, w/metric ton 

After Cooling Times of: On Discharge 
from Reactor 30 days  90 days  150 days  3 years 30 years 

10.900 
2.530 
209,000 
304,000 
34.100 
47,400 
24,200 
62 1,000,000 
4,140,000 
2,2 10,000 

10,900 
2,520 
202.000 
77,600 
25,600 
2,330 
22,800 
48,800.000 
100,000 
95,600 

10,900 

2,500 
190,000 
4,850 
14,400 
5.61 
20,400 
26,800,000 
62,100 
43,900 

10,800 
2,490 
178,000 
303 
8,070 
0.0135 
18,140 
18,200,000 
48,700 
25,700 

10,600 8,620 
2,220 690 
66.200 2.14 

0.906 

3,020 
2,540,000 370,000 
6,980 586 
1,840 494 
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3.2.2 Act in ides  

Tables 3 .3  and 3.4 and t h e  t a b l e s  of Appendix B p re sen t  c a l c u l a t e d  

masses, a c t i v i t y ,  and thermal  power of a c t i n i d e s  i n  t h e  core ,  axial  

b l a n k e t ,  and r a d i a l  b l anke t .  The y i e l d s  and i s o t o p i c  compositions 

of t h e  i so topes  239Pu through 242Pu are g e n e r a l l y  i n  good agreement 

wi th  those t h a t  have been p red ic t ed  i n  r e a c t o r  des ign  s t u d i e s .  The 

238Pu con ten t  of t h e  plutonium i s  p red ic t ed  t o  decrease  from 1.2% i n  

t h e  core  charge t o  0.93% i n  t h e  discharged core.  

of 0.0092 ppm i n  t h e  d ischarged  plutonium is  p red ic t ed .  

A 236Pu concent ra t ion  

3.2.3 Act iva t ion  Products  

Table 3.5 and t h e  t a b l e s  of Appendix C p re sen t  c a l c u l a t e d  concen- 

t r a t i o n s ,  r a d i o a c t i v i t y ,  and thermal  power of t h e  a c t i v a t i o n  products  

of t h e  oxygen, s t a i n l e s s  s tee l ,  and sodium charged t o  t h e  core .  These 

d a t a  inc lude  only t h e  s t a i n l e s s  s tee l  cladding i n  t h e  co re  zone and 

assume a 0.001-in.-thick l a y e r  of sodium a t  t h e  fuel-cladding i n t e r f a c e .  

3.2.4 E f f e c t  of I r r a d i a t i o n  of  Fuel  Elements 

Mechanical and chemical p r o p e r t i e s  of i r r a d i a t e d  LMFBR core  f u e l  

are p resen t ly  c o n j e c t u r a l  because f u e l s  have n o t  been i r r a d i a t e d  t o  

t h e  d e s i r e d  LMFBR exposure under cond i t ions  t h a t  i nc lude  a l i n e a r  power 

of 15 t o  20 kw/f t ,  approximately 10% f i s s i o n  of  t o t a l  heavy atoms, 

a f a s t  f luence  of about  5 x neutronlcm , and a m a x i m u m  f u e l  temperature  

i n  t h e  range of 4000 t o  4800°F.21 

b e  made t h a t  w i l l  gu ide  t h e  planning of schemes f o r  t r a n s p o r t  and handl ing 

of t h e  f u e l  e lements .  

2 

Only a few g e n e r a l  s ta tements  can 

Fuel. - The p r i n c i p a l  e f f e c t  of i r r a d i a t i o n  on t h e  f u e l  i s  swel l ing  

caused by gaseous and s o l i d  f i s s i o n  products .  The planned use of oxide 

f u e l  wi th  a low smeared d e n s i t y  and a cladding material wi th  r e l a t i v e l y  

high s t r e n g t h  may combine t o  produce r e l a t i v e l y  l i t t l e  change i n  t h e  

o u t e r  f u e l  dimensions, bu t  some experiments i n d i c a t e  volumetr ic  expansions 

of s e v e r a l  percent  r e g a r d l e s s  of t h e  i n t e r n a l  po ros i ty .  

leases of more than 8OX have been observed i n  oxide f u e l s  under condi t ions  

F i s s i o n  gas  re- 
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Table 3.3. Isotopic Composition of Actinides i n  Spent UQBR Core Fuel 
as  a Function of Decay Time 

. 

Burnup = 80,000 Mwd/metric ton 
Specific power = 148.15 Mw/metric ton 
Nuclide concentrations a re  given in  grams per metric ton (U + Pu) charged to core  

After Cooling Times  of: As  Charged On Discharge 
to Reactor from Reactor 30 d a y s  90 days 150 days  3 years  30 years  

4He 

233u 

2 3 4 ~  

2 3 5 ~  

2 3 6 ~  

2 38u 

237Np 

236Pu 

2 3 8 P U  

239Pu 

Z 4 O P U  

241Pu 

242Pu 

241Am 

'Am 

243Am 

2 4 2 ~ m  

2 4 3 ~ m  

2 4 4 ~ m  

Total  

0 

0 

0 

0 

0 

782,000 

0 

0 

2,590 

130,000 

51,800 

26,000 

8,760 

0 

0 

0 

0 

0 

0 

1,000.000 

1.66 

0.00 122 

21.8 

6.18 

8.72 

719,000 

176 

0.001 78 

1,820 

116,000 

52,400 

14,500 

9,020 

1,270 

24.6 

710 

61.6 

2.32 

42.3 

915,000 

1.82 

0.001 22 

22.9 

6.44 

9.15 

719,000 

179 

0.00175 

1,830 

117,000 

52,400 

14,500 

9,020 

1,330 

24.6 

711 

54.6 

2.32 

42.2 

915,000 

2.10 

0.001 22 

25.2 

6.98 

10.0 

719,000 

180 

0.00168 

1,840 

117,000 

52,400 

14,400 

9.020 

1.460 

24.6 

711 

42.3 

2.31 

41.9 

915,000 

2.33 

0.00122 

27.6 

7.51 

10.9 

719,000 

180 

0.00162 

1,840 

117,000 

52,400 

14,200 

9,020 

1,590 

24.6 

711 

32.8 

2.30 

41.7 

915,000 

4.10 

0.00122 

64.2 

15.9 

24.6 

7 19,000 

190 

0.00086 

1,840 

117,000 

52,400 

12,400 

9,020 

3,410 

24.3 

710 

0.645 

2.17 

37.7 

915,000 

20.5 

0.00122 

407 

104 

167 

719,000 

555 

0.0000012 

1,490 

116,000 

52,300 

2,940 

9,020 

12,500 

21.5 

709 

0.0517 

1.21 

13.4 

915,000 
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Table 3.4. Rad ioac t iv i ty  of Ac t in ides  i n  Spent LMFBR Core Fuel  as a Function 
of Decay Time 

Bumup = 80,000 Mwd/metric ton 
Specific power = 148.15 Mw/metric ton 
Nuclide activit ies are given in  curies per metric ton (U + Pu) charged to core 

After Cooling Times of: Charged to Discharged from 
Reactor Reactor 30 days 90 d a y s  150 days 3 years  30 years  

"'Th + 
daughters 

2 3 2 ~  

234u 

2 3 7 u  

23sU 

237 

239  

NP 

NP 
236Pu 

238Pu 

239Pu 

24OPu 

Z 4 1 P U  

242Pu 

241Am 

242mAm 

242Am 

243Am 

2 4 2 ~ m  

3 ~ m  

4 ~ m  

Total  

0 

0 

0 

0 

0.260 

0 

0 

0 

43,800 

7,940 

11,400 

2,970,000 

34.2 

0 

0 

0 

0 

0 

0 

0 

3,030,000 

0.00519 

0.00 59 5 

0.135 

302,000 

0.239 

0.124 

8 1,500,000 

0.946 

30,700 

7,120 

11,600 

1,660,000 

35.2 

4,120 

239 

393,000 

137 

204,000 

107 

3,430 

167,000,000 

0.0060 

0.00668 

0.142 

13,900 

0.239 

0.127 

11,900 

0.931 

30,800 

7,150 

11,600 

1,650,000 

35.2 

4,320 

239 

239 

137 

181,000 

107 

3,420 

1,920,000 

0.00816 

0.00812 

0.156 

29.2 

0.239 

0.127 

137 

0.894 

31,000 

7,150 

11,600 

1,640,000 

35.2 

4,730 

239 

239 

137 

140,000 

106 

3,400 

1,840,000 

0.0107 

0.00949 

0.171 

0.0617 

0.239 

0.127 

137 

0.859 

31,100 

7,150 

11,600 

1,620,000 

35.2 

5,140 

239 

239 

137 

109,000 

106 

3,380 

1,790,000 

0.0744 

0.0249 

0.397 

0.239 

0.134 

137 

0.458 

31,000 

7,150 

11,500 

1,420,000 

35.2 

11,100 

236 

236 

137 

2,130 

100 

3,060 

1,480,000 

0.202 

0.0337 

2.52 

0.239 

0.39 1 

136 

0.000643 

25,200 

7,140 

11,500 

325,000 

35.2 

40,500 

209 . 

209 

136 

171 

55.7 

1,090 

422,000 
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Table 3.5. Cladding A c t i v i t y  of Spent LMFBR Core Fuel  a s  a Funct ion 
of Decay Tiiiie 

Burnup = 80,000 Mwd/metric ton 

Specif ic  power = 148.15 Mw/metric ton 

Nuclide act iv i t ies  are given in curies  per metric ton (U + Pu) charged to core 

After Cooling Times of: On Discharge 
from Reactor 30 days  90 days 150 days  3 years 30 years 

l4c 

3 2 P  

3 3P 

51Cr 

4Mn 

5 5 F e  

59Fe 

58c0 
6Oco 

"Ni 

3Ni 

0.0584 

2,310 

13.5 

61,700 

150,000 

76,000 

10,300 

41 0,000 

1,350 

2.13 

67.8 

0.0584 

539 

5.86 

29,200 

140,000 

74,300 

6,520 

307,000 

1,330 

2.13 

67.7 

0.0584 

29.4 

1.11 

6,550 

122,000 

71,200 

2,590 

171,000 

1,310 

2.13 

67.6 

0.0584 0.0583 0.0581 

1.61 

0.210 

1,470 

107,000 12,200 

68,100 34,100 25.5 

1,030 

95,500 10.00 

1,280 908 25.9 

2.13 2.13 2.13 

67.6 66.3 54.1 

Total 1,270,000 559,000 375,000 274,000 47,400 108 



less s t r i n g e n t  than t h o s e  expected i n  LMFBR's. 

t o  r e t a i n  t h e i r  f i s s i o n  product  gases  under t h e  temperature  cond i t ions  

of i n t e r e s t  bu t  may suddenly release t h e s e  gases  i n  temperature  t r a n s i e n t s .  

Sodium-logging of a t  least  1% of t h e  f u e l  rods should be  assumed. Approxi- 

mately 1% of t h e  I 4 N  i n  n i t r i d e  f u e l s  w i l l  be  transmuted t o  1 4 C ,  and 

another  0.5% t o  B ,  assuming f u e l  burnups o f  100,000 Mwd/metric ton.  

Carbide f u e l s  are expected 

11 

Cladding. - The s i g n i f i c a n t  e f f e c t s  of  i r r a d i a t i o n  on t h e  cladding 

are reduced d u c t i l i t y  and swe l l ing .  Fu l ly  i r r a d i a t e d  s t a i n l e s s  s teel  

a t  temperatures  of about  1200°F e x h i b i t s  s i g n i f i c a n t l y  reduced bonding 

s t r e n g t h  a t  t h e  g r a i n  boundaries .  A t  lower temperatures ,  below about 

1000"F, t h e  s t a i n l e s s  s teel  w i l l  appa ren t ly  r e g a i n  d u c t i l i t y  approxi- 

mating t h a t  of gluminum lawn c h a i r  tubing.  

i r r a d i a t e d  elements ,  which w i l l  have r e l a t i v e l y  coo l  o u t e r  rods ,  w i l l  

wi ths tand  a moderate amount of bending and f l e x u r e  wi thout  f r a c t u r e .  

It  i s  a n t i c i p a t e d  t h a t  

3 . 3  Aqueous Processing Technology 

3 . 3 . 1  The Nuclear Fuel  Se rv ices  (NFS) Process ing  P l a n t  

The NFS p l a n t  a t  West Val ley,  New York, s e r v e s  as a good example 

of present-day aqueous process ing  technology. 

purpose f a c i l i t y  capable  of handl ing a l l  LWR f u e l s  t h a t  a r e  c u r r e n t l y  

being used. The process  employed a t  NFS c o n s i s t s  of a shear- leach 

mechanical head-end t rea tment  followed by s e v e r a l  cyc le s  of t r i b u t y l  

phosphate (Purex) s o l v e n t  e x t r a c t i o n  and i o n  exchange (see Fig.  3 . 1 ) .  

This  p l an t2*  i s  a mul t i -  

The f u e l  is r ece ived  i n  sh i e lded ,  water-cooled casks ,  which may 

be  brought i n  e i t h e r  by t r u c k  o r  by ra i l .  The casks are depos i ted  

i n  a 44-ft-deep cask unloading pool  by means of a 100-ton crane.  The 

f u e l  elements are t r a n s f e r r e d  t o  s t o r a g e  baske t s  and, i n  t u r n ,  t hese  

baske ts  are t r a n s f e r r e d  t o  a s t o r a g e  pool  by smaller c ranes .  The s t o r a g e  

racks are spaced t o  ensure  t h a t  they are c r i t i c a l l y  s a f e .  

Fuels are cooled f o r  a t  least  150 days p r i o r  t o  processing.  Af t e r  

t h i s  cool ing pe r iod ,  t h e  f u e l  i s  t r a n s f e r r e d  t o  t h e  f i r s t  mechanical 
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c e l l  by c ranes  and a conveyor. I n  t h i s  c e l l ,  t h e  end p o r t i o n  of  each 

f u e l  element i s  c u t  o f f  by a remotely opera ted  saw and, i f  necessary, 

cas t ings  are removed. The prepared element i s  then  loaded i n t o  t h e  

shea r  magazine, where i t  i s  pushed, by a ram, i n t o  t h e  shear .  The 

shea r  i s  a 300-ton h y d r a u l i c  u n i t  i n  which t h e  f u e l  can be  sheared 

i n t o  pieces ranging i n  l eng th  from 112 t o  2 i n . ,  as des i r ed .  The 

sheared p i eces  f a l l  i n t o  a chute  and are c o l l e c t e d  i n  chopped f u e l  

c a n i s t e r s .  

The c a n i s t e r s  are p e r f o r a t e d  boron--s ta inless  s tee l  cy l inde r s  

Because shear ing  d i s i n t e g r a t e s  much of  t h e  8 i n .  I D  by 7 f t  h igh .  

f u e l  i n t o  powder, t h e  c a n i s t e r s  are f i t t e d  wi th  consumable l i n e r s  made 

of 10-mil mild steel. When f u l l ,  t h e  c a n i s t e r s  are t r a n s f e r r e d  i n t o  

t h e  f i r s t  of t h e  chemical process ing  c e l l s  i n  which d i s s o l u t i o n  is  

accomplished. 

Descr ip t ion  of t h e  Process .  - E s s e n t i a l l y  complete d i s s o l u t i o n  

of oxide f u e l s  can b e  achieved i n  about 2 t o  4 h r .  Metal f u e l s  

r e q u i r e  about one day. Treatment of t h e  off-gas  inc ludes  passage 

through a downdraft condenser on t h e  d i s s o l v e r ,  a secondary condenser,  

a sc rubber ,  an i o d i n e  removal appara tus  wi th  s i l v e r  r e a c t o r s ,  and, 

f i n a l l y ,  f i l t r a t i o n  through h igh-ef f ic iency  p a r t i c u l a t e  a i r  f i l t e r s .  

The f i l t e r e d  d ischarge  i s  exhausted through a 63-m s t ack .  

The f u e l  s o l u t i o n  i s  t r a n s f e r r e d  t o  a feed adjustment  and 

a c c o u n t a b i l i t y  tank .  The leached h u l l s  are r i n s e d  wi th  water, and t h i s  

r inse l i q u i d  i s  added t o  t h e  f u e l  s o l u t i o n .  A f t e r  t h e  h u l l s  have d r i e d ,  

t h e  baske ts  are dumped f o r  i n s p e c t i o n  and sampling t o  determine what 

l o s s e s  may have been experienced.  The h u l l s  are then  sea l ed  i n  30-gal 

drums, t r anspor t ed  from t h e  p l a n t  i n  a s h i e l d e d  t ra i le r ,  and bu r i ed  as 

s o l i d  waste .  S ince  t h e  r a d i a t i o n  l e v e l  of t hese  h u l l s  i s  as h igh  as 

10,000 r / h r ,  t h i s  ope ra t ion  must b e  performed remotely.  

The volume of  t h e  f u e l  s o l u t i o n  i n  t h e  a c c o u n t a b i l i t y  tank is 

measured a c c u r a t e l y ,  and m u l t i p l e  samples of t h e  s o l u t i o n  are withdrawn 

f o r  a n a l y s i s .  This  a n a l y s i s  r e p r e s e n t s  t h e  feed i n p u t  t o  t h e  system and 

e s t a b l i s h e s  t h e  f i n a n c i a l  a c c o u n t a b i l i t y  of t h e  p l a n t .  I t  i s  a l s o  impor- 

t a n t  from t h e  s t andpo in t  of c r i t i c a l i t y  c o n t r o l  f o r  t h e  p l a n t . s i n c e  
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l i m i t a t i o n  of t he  f i s s i o n a b l e  material concen t r a t ion  is  t h e  primary safe-  

guard.  

The recovery and decontaminat ion of uranium and plutonium from t h e  

f u e l  s o l u t i o n  are accomplished v ia  a Purex s o l v e n t  e x t r a c t i o n  process  i n  

which t h e  s o l v e n t  i s  t r i b u t y l  phosphate (TBP) d i s so lved  i n  - n-dodecane 

( s e e  Fig.  3 . 2 ) .  I n  t h e  f i r s t  s o l v e n t  e x t r a c t i o n  c y c l e ,  t h e  n i t r i c  a c i d  

s o l u t i o n  conta in ing  t h e  uranium, plutonium, f i s s i o n  products ,  and va r ious  

i m p u r i t i e s  is contac ted  wi th  t h e  s o l v e n t  i n  a pulsed  column. The t r i b u t y l  

phosphate complexes p r e f e r e n t i a l l y  wi th  uranium and plutonium ( o r  thorium),  

thereby making them s o l u b l e  i n  t h e  o rgan ic  phase.  This  l eaves  almost a l l  

t h e  f i s s i o n  products  i n  t h e  aqueous phase,  which subsequent ly  becomes t h e  

h igh- leve l  r a d i o a c t i v e  aqueous waste from t h e  process .  

The o rgan ic  phase,  which con ta ins  t h e  uranium and t h e  plutonium 

(o r  thorium),  i s  scrubbed wi th  n i t r i c  a c i d  t o  remove a d d i t i o n a l  

i m p u r i t i e s  and is then  t r a n s f e r r e d  t o  a second pulsed  column. I n  t h i s  

second column, t h e  uranium i s  sepa ra t ed  from t h e  plutonium by con tac t ing  

t h e  o rgan ic  phase w i t h  a n i t r i c  a c i d  s o l u t i o n  t h a t  con ta ins  f e r r o u s  su l f a -  

mate, a reducing agent .  The plutonium, which has  been t e t r a v a l e n t  up t o  

t h i s  p o i n t  i n  t h e  p rocess ,  i s  now reduced t o  t h e  l e s s - e x t r a c t a b l e  t r i v a l e n t  

 state s o  t h a t  i t  can b e  removed from t h e  column i n  t h e  aqueous phase.  The 

uranium is  then s t r i p p e d  from t h e  o rgan ic  phase w i t h  d i l u t e  n i t r i c  a c i d  i n  

a t h i r d  column. 

Two a d d i t i o n a l  cyc le s  of  s o l v e n t  e x t r a c t i o n  are used t o  complete t h e  

p u r i f i c a t i o n  of t h e  uranium product .  The plutonium product  i s  processed 

through one a d d i t i o n a l  s o l v e n t  e x t r a c t i o n  c y c l e ,  followed by anion exchange 

t rea tment  t o  achieve f i n a l  p u r i f i c a t i o n  and concent ra t ion ;  i t  i s  then 

f u r t h e r  concent ra ted  i n  a t i t a n i u m  evapora tor  and t r a n s f e r r e d  t o  b o t t l e s  

f o r  shipment. 

The a c i d  waste streams are evaporated:  (1) t o  concen t r a t e  them f o r  

s t o r a g e ,  (2 )  t o  decontaminate t h e  excess  l i q u i d ,  and ( 3 )  t o  recover  n i t r i c  

a c i d  f o r  r ecyc le  ( s e e  Fig.  3 . 3 ) .  The h igh- leve l  r a d i o a c t i v e  waste from 

t h e  f i r s t  e x t r a c t i o n  cyc le  ( H A W )  is  evapora ted , .and  t h e  concen t r a t e  i s  

s e n t  t o  t h e  h igh- leve l  r a d i o a c t i v e  waste s t o r a g e  tanks .  The condensate i s  
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combined wi th  low-level w a s t e  from o t h e r  process ing  cyc le s  and evaporated 

a second t i m e .  The r e s u l t i n g  concen t r a t e  i s  combined wi th  t h e  f i r s t - c y c l e  

concent ra te .  

recovering t h e  n i t r i c  a c i d ,  and are  then  condensed and re-evaporated be fo re  

t h e  condensate i s  d ischarged  t o  t h e  lagoon and on - s i t e  streams. Thus i n  

e f f e c t ,  t h e  l i q u i d  from t h e  high-level waste i s  p u r i f i e d  by f o u r  d i s t i l -  

l a t i o n s  p r i o r  t o  d ischarge .  

The overhead vapors  pas s  i n t o  a f r a c t i o n a t i o n  column f o r  

The h igh - l eve l  r a d i o a c t i v e  waste concen t r a t e  is  n e u t r a l i z e d  and. 

s t o r e d  i n  750,000-g'al w a s t e  t anks  t h a t  are bur i ed  underground. 

wastes w i l l  b e  expected t o  b o i l  f o r  s e v e r a l  years .  

condensed and e i t h e r  r e tu rned  t o  t h e  s t o r a g e  tank  o r  re-evaporated and 

discharged v ia  t h e  in te rceptor - lagoon system. 

These 

The overheads are 

Operat ing Experience.  23 - The NFS p l a n t  has  processed a t o t a l  

of 420 tons of i r r a d i a t e d  f u e l  - about  300 tons  of  zirconium-clad uranium- 

metal f u e l  from t h e  NPR, 50 tons  from t h e  Yankee Reactor ,  500 tons  from 

t h e  Dresden Reactor ,  and 16  tons  of thorium f u e l  from Con Ed. 

t h r e e  are oxide f u e l s .  

The l a t t e r  

I n  gene ra l ,  t h e  performance of t h e  p l a n t  has  been very good. The 

o v e r a l l  do l la r -va lue  recovery has  been 98.45%. The uranium and plutonium 
233,, l o s s e s  have averaged less than  1% and about 1.5%; r e spec t ive ly .  The 

l o s s  from t h e  Con Ed f u e l  w a s  only 0 . 2 % .  The most r a d i o a c t i v e  material 

t h a t  has been processed t o  d a t e  w a s  f u e l  t h a t  had been i r r a d i a t e d  t o  a 

burnup of 18,000 M w d / t o n  and copled 18 months. S a t i s f a c t o r y  f i s s i o n  

product  decontamination f a c t o r s  were obtained.  

The performance of t h e  shea r  has  a l s o  been good. Although some 

maintenance and r e p a i r  were necessary ,  both were accomplished remotely 

without  excess ive  downtime. 

The e x i s t e n c e  of some des ign  d e f i c i e n c i e s  i n  t h e  p l a n t ,  mainly i n  

t h e  a c i d  recovery system and t h e  v e n t i l a t i o n  system, has  become evident .  

Two f i l t e r s  i n  t h e  off-gas system have f a i l e d ,  r e l e a s i n g  some a c t i v i t y  

t o  t h e  environs.  However, i n  each case, t h e  release w a s  considerably 

below the  m a x i m u m  pe rmis s ib l e  l e v e l .  I n  a d d i t i o n ,  t h e  rou t ing  of c e r t a i n  
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off-gas l i n e s  has  c r e a t e d  r a d i a t i o n  f i e l d s  i n  c e r t a i n  work areas. 

Correc t ive  measures are  being app l i ed  t o  s o l v e  t h e s e  problems. 

Modif ica t ions  Necessary f o r  LMFBR Fuel  Processing.  - The l eng th  of 

t h e  proposed LMFBR f u e l s  and t h e  f a c t  t h a t  many rods  may b e  sodium-logged 

make t h e  p re sen t  r ece iv ing ,  handl ing ,  and mechanical head-end equipment 

a t  t h e  NFS p l a n t  inadequate  f o r  r o u t i n e l y  process ing  LMFBR f u e l s  un less  

t h e  f u e l  is  dismantled and very c a r e f u l l y  c leaned and in spec ted  a t  t he  

r e a c t o r  s t a t i o n  b e f o r e  shipment. 

f a c i l i t i e s  a t  NFS would p resen t  a s e r i o u s  hazard f o r  f u e l s  t h a t  contained 

sodium-logged p ins .  The r e a c t i o n  of sodium could a l s o  be  a problem a f t e r  

chopping t h e  f u e l  e i t h e r  i n  t h e  c e l l  o r  i n  t h e  d i s s o l v e r .  

The underwater r ece iv ing  and s t o r a g e  

The mechanical  head-end f a c i l i t i e s  cannot  handle  fuel wi th  a length  

g r e a t e r  than  about 12  f t .  This  l i m i t a t i o n  would r e q u i r e  t h a t  t h e  end 

hardware be  c u t  from t h e  elements a t  t h e  r e a c t o r  s i t e .  A dismantl ing 

f a c i l i t y  t o  accomplish t h i s  a t  each r e a c t o r  would b e  p r o h i b i t i v e l y  expen- 

s i v e .  This  may n o t  b e  t r u e  f o r  10,000-Mw ( e l e c t r i c a l ) ,  o r  l a r g e r ,  

s t a t i o n s  i n  t h e  f u t u r e .  

For t h e  r,easons d iscussed  above, i t  would b e  necessary  t o  add new 

rece iv ing ,  s t o r a g e ,  and mechanical head-end f a c i l i t i e s  a t  t h e  NFS p l a n t  

i f  LMFBR f u e l s  were t o  b e  r o u t i n e l y  processed the re .  

No s i g n i f i c a n t  changes would be  r equ i r ed  i n  t h e  d i s s o l u t i o n ,  feed 

adjustment ,  s o l v e n t  e x t r a c t i o n ,  and waste d i s p o s a l  f a c i l i t i e s  f o r  LMFBR 
f u e l  cooled 180 days.  Flowsheet mod i f i ca t ions ,  such as d i l u t i o n  and use 

of s o l u b l e  poisons,  could accommodate t h e  h ighe r  concen t r a t ions  o f  

plutonium and f i s s i o n  products  i n  t h e  LMFBR f u e l .  

The p r e s e n t  plutonium i s o l a t i o n  and packaging f a c i l i t i e s  would be  

inadequate ,  both i n  capac i ty  and s h i e l d i n g .  NFS i s  i n  t h e  process  of 

upgrading t h e  p re sen t  plutonium i s o l a t i o n  system and adding s h i e l d i n g ,  

b u t  i t  is doub t fu l  t h a t  t h e  capac i ty  w i l l  b e  inc reased  t o  t h e  50 kg/day 

necessary  f o r  r o u t i n e l y  process ing  0.5 ton  of LMFBR f u e l  and b l anke t  

pe r  day. 
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3.3.2 Other U .  S.  Processine. P l a n t s  Now Planned 

The Midwest Fue l  Recovery P l a n t .  - The General E l e c t r i c  Company 

i s  now bu i ld ing  a process ing  p l a n t , 2 4  known as t h e  Midwest Fue l  

Recovery P l a n t ,  a t  Morr is ,  I l l i n o i s .  The des ign  of t h i s  p l a n t  i s  

based on t h e  p r o p r i e t a r y  Aquafluor* process  and i s  s p e c i f i c a l l y  t a i l o r e d  

f o r  t h e  recovery of plutonium, neptunium, and uranium from f u e l s  t h a t  

have been i r r a d i a t e d  i n  light-water-moderated and l ight-water-cooled 

c e n t r a l  s t a t i o n  power r e a c t o r s .  The p l a n t  is  designed t o  handle ,  annual ly ,  

300 metric tons  of uranium i n  t h e  form of compacted UO i n i t i a l l y  enr iched  

t o  no more than 5% 235U and c l ad  i n  s t a i n l e s s  steel  o r  zirconium al loy ' .  

The design is  based on f u e l  i r r a d i a t i o n  a t  s p e c i f i c  powers of up t o  30 kw 

pe r  kilogram of uranium, t o t a l  exposures of up t o  40,000 Mwd/metric ton ,  

and cool ing t i m e s  (from r e a c t o r  shutdown t o  i n i t i a l  processing)  of about 

160 days.  

2' 

An underwater t r a n s f e r  device  is provided f o r  moving t h e  f u e l  

assemblies ,  a f t e r  cool ing ,  from t h e  s t o r a g e  b a s i n  t o  t h e  mechanical c e l l  

f o r  process ing  ( s e e  F ig .  3.4 f o r  t h e  process  f lowshee t ) .  I n  t h i s  c e l l ,  

t h e  f u e l  assemblies  are removed from s t o r a g e  baske t s  and placed on a 

disassembly t a b l e ,  where t h e  e x t e r n a l  hardware is  removed by appropr i a t e  

means and t h e  rods are sepa ra t ed .  The i n d i v i d u a l  rods are then f ed  i n t o  

a shea r  where, a t  a c o n t r o l l e d  ra te ,  they are chopped i n t o  3-in. segments 

t h a t  f a l l  d i r e c t l y  i n t o  t h e  l eache r .  The f u e l  l eache r  i s  a t o t a l l y  enclosed,  

ho r i zon ta l - s l ab ,  v ib ra t ed - t r ay  des ign  of f avorab le  geometry. Over an 

approximate 20-hr pe r iod ,  one metric ton  of sheared f u e l  is  f ed  t o  t h e  

l eache r  and contac ted  wi th  t h e  q u a n t i t y  of r e c i r c u l a t i n g  ho t  n i t r i c  a c i d  

t h a t  i s  s u f f i c i e n t  t o  completely d i s s o l v e  t h e  UO The cladding h u l l s  are 

washed, monitored, and conveyed t o  a w a t e r - f i l l e d  s t o r a g e  v a u l t .  
2' 

A s i n g l e  s o l v e n t  e x t r a c t i o n  cyc le  of t h e  Purex type  i s  used f o r  t h e  

i n i t i a l  s e p a r a t i o n  of uranium, plutonium, and neptunium from f i s s i o n  prod- 

u c t s .  

plutonium-neptunium product .  This  product  i s  concent ra ted  f o r  t h e  next  

s t e p  i n  t h e  p rocess ,  and t h e  s o l v e n t  i s  recyc led  a f t e r  t rea tment .  

Pulsed columns are used f o r  e x t r a c t i n g  and s t r i p p i n g  t h e  uranium- 

* 
Trademark of t h e  General  Electr ic  Co. 
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Two semicontinuous anion exchange con tac to r s ,  i n  series, s e r v e  t o  

p a r t i t i o n  t h e  plutonium, neptunium, and uranium i n t o  s e p a r a t e  product 

streams and t o  provide a d d i t i o n a l  f i s s i o n  product  decontamination f o r  t h e  

plutonium and neptunium. 

The p u r i f i e d  plutonium product  stream from t h e  anion exchange system 

i s  t r a n s f e r r e d  t o  an e l e c t r i c a l l y  hea ted  evapora tor  f o r  concen t r a t ion  t o  

l e v e l s  s u i t a b l e  f o r  sh ipping .  

The uranium-bearing stream from t h e  anion exchange s t e p  flows t o  

an evapora tor ,  where i t  i s  concent ra ted  t o  l e v e l s  t h a t  are appropr i a t e  

f o r  subsequent c a l c i n a t i o n  t o  UO The concent ra ted  uranyl  n i t r a t e  

s o l u t i o n  i s  f ed  t o  an e l e c t r i c a l l y  hea ted ,  f lu id ized-bed  c a l c i n e r  t h a t  

i s  similar t o  those  used i n  AEC feed  material p repa ra t ion  f a c i l i t i e s .  

Uranium t r i o x i d e  product  i s  removed from t h e  bottom of t h e  c a l c i n e r  and 

t r a n s f e r r e d  cont inuous ly ,  by means of a screw conveyor, t o  a f l u i d i z e d -  

bed f l u o r i n a t o r .  Here i t  i s  mixed wi th  fused alumina p a r t i c l e s  and con- 

t a c t e d  w i t h  e lementa l  f l u o r i n e  i n  a f l u i d i z i n g  gas  t o  produce UF 

3' 

6 '  

The h o t  f l u o r i n a t o r  off-gas i s  passed,  f i r s t ,  through a cyclone 

sepa ra to r  t o  remove p a r t i c u l a t e  contaminants and, then ,  through a s o r p t i o n  

bed of sodium f l u o r i d e  p e l l e t s  t o  remove t r a c e  amounts of t h e  v o l a t i l e  

f l u o r i d e s  of  plutonium, niobium, and ruthenium. It  i s  then  cooled and 

passed through s i n t e r e d  metal f i l t e r s  t o  a co ld  t r a p  system f o r  

s e p a r a t i o n  of t h e  UF from t h e  f l u i d i z i n g  gas .  6 

6 A s ing le - s t ep  d i s t i l l a t i o n  process  s e r v e s  t o  s e p a r a t e  t h e  UF 

product from f i n a l  traces of high-boi l ing f i s s i o n  products .  

The A l l i e d  Chemical Barnwell  Nuclear Fuel  P l an t .  - The proposed 

Barnwell Nuclear Fue l  P lan t25  (BNFP) of t h e  A l l i e d  Chemical Corporat ion 

w i l l  b e  cons t ruc ted  on a s i t e  of approximately 1700 acres, c u r r e n t l y  

a p a r t  of t h e  Savannah River  P l a n t  S i t e ,  about  5 m i l e s  west of Barnwell ,  

South Carol ina.  The BNFP w i l l  b e  a s ingle-purpose p l a n t ;  t h a t  i s ,  i t  w i l l  

p rocess  only i r r a d i a t e d  f u e l  e lements  from l igh t -water  c e n t r a l  nuc lea r  

power s t a t i o n s .  However, i t  w i l l  p rocess  both s l i g h t l y  enr iched uranium 

oxide and r ecyc le  plutonium oxide  f u e l .  I t s  nominal d a i l y  throughput 

w i l l  be 5 metric tons  of uranium t h a t  has  been i r r a d i a t e d  t o  a burnup of 
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up t o  40,000 Mwd/metric ton ,  a t  a s p e c i f i c  power of up t o  50 Mw/metric ton ,  

and allowed t o  decay f o r  160 days.  

and plutonium, and poss ib ly  neptunium, i n  t h e  form of n i t r a t e  s o l u t i o n .  

P l a n t  products  w i l l  c o n s i s t  of uranium 

The A l l i e d  Chemical p l a n t  w i l l  u t i l i z e  a chop-leach head-end t rea tment ,  

wi th  semicontinuous d i s s o l u t i o n  of t h e  oxide core .  An adap ta t ion  of t h e  

Purex process  which uses  30% t r i b u t y l  phosphate (TBP) i n  a hydrocarbon 

d i l u e n t  as t h e  o rgan ic  e x t r a c t a n t ,  w i l l  b e  t h e  primary b a s i s  f o r  s e p a r a t i o n  

and p u r i f i c a t i o n  of products .  

cases by i o n  exchange and special  abso rp t ion  methods. 

Ex t r ac t ion  w i l l  b e  supplemented i n  c e r t a i n  

I r r a d i a t e d  f u e l  elements w i l l  b e  rece ived  a t  t h e  p l a n t  i n  sh i e lded  

casks t r anspor t ed  by r a i l  o r  t ruck ;  they w i l l  be  removed from t h e  casks 

and s t o r e d  under water. 

l eng ths ,  and t h e  chopped segments w i l l  b e  leached by n i t r i c  ac id .  

d i s s o l v e r  s o l u t i o n  w i l l  b e  e x t r a c t e d  by TBP. 

from t h e  h igh- leve l  r a d i o a c t i v e  aqueous r a f f i n a t e  remaining from t h e  i n i t i a l  

e x t r a c t i o n .  

then g iven  a f i n a l  t rea tment  wi th  s i l i c a  g e l .  The organic  conta in ing  t h e  

uranium and plutonium from t h e  i n i t i a l  e x t r a c t i o n  s t e p  w i l l  b e  p a r t i t i o n e d  

t o  s e p a r a t e  t h e  plutonium from uranium. 

complete t h e  plutonium p u r i f i c a t i o n  system. The uranium w i l l  b e  sub jec t ed  

t o  an a d d i t i o n a l  e x t r a c t i o n  c y c l e ,  and f i n a l  traces of r a d i o a c t i v e  zirconium 

w i l l  be  removed by s i l i c a  g e l .  Iod ine  removal, n i t r i c  a c i d  recovery,  and 

s o l v e n t  c leanup systems w i l l  b e  included.  

The elements w i l l  be  chopped i n t o  s e l e c t e d  

Adjusted 

Neptunium would b e  e x t r a c t e d  

I t  would b e  f u r t h e r  p u r i f i e d  by a c y c l e  of i o n  exchange and 

Two s t a g e s  of e x t r a c t i o n  w i l l  

The fol lowing r e l a t i v e l y  new des ign  f e a t u r e s  w i l l  be  included i n  t h e  

proposed BNFP : 

(1) The f u e l  w i l l  b e  moved and s t o r e d  i n  p o r t a b l e  mul t ip l e - fue l  

element s t o r a g e  c a n i s t e r s  . 
Fuel  elements w i l l  be  chopped i n  t h e  shea r  wi thout  p r i o r  removal 

of end f i t t i n g s  o r  segmentation of t h e  elements ,  
(2) 

(3)  The chopped segments of f u e l  e lements ,  inc luding  end p o r t i o n s ,  

w i l l  be  charged d i r e c t l y  t o  t h e  d i s s o l v e r  whi le  d i s s o l u t i o n  i s  

under way i n  o rde r  t o  r e g u l a t e  t h e  release of off-gas as w e l l  as 

t o  c o n t r o l  t h e  d i s s o l u t i o n  rate. 
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(4) A s o l u b l e  nuc lea r  poison w i l l  be  added t o  t h e  n i t r i c  a c i d  d i s -  

s o l v e n t  t o  ma in ta in  nuc lea r  s a f e t y  i n  t h e  d i s s o l v e r .  

(5) The c e n t r i f u g a l  con tac to r s  developed a t  t h e  Savannah River  P l a n t  

w i l l  b e  used f o r  t h e  f i r s t - c y c l e  codecontamination and t h e  par- 

t i t i o n  of uranium and plutonium. 

( 6 )  Uranium(IV), w i th  hydrazine added as a holding agent ,  w i l l  b e  

used as t h e  r educ tan t  f o r  t h e  p a r t i t i o n i n g  of plutonium from 

uranium and f o r  aqueous s t r i p p i n g  i n  plutonium e x t r a c t i o n  cyc le s  

i n  o rde r  t o  reduce r a d i o a c t i v e  waste volume. 

The A t l a n t i c  R i c h f i e l d  Company. - The A t l a n t i c  R ich f i e ld  Company p lans  

t o  b u i l d  a processing p l a n t , 2 6  known as t h e  ARCO p l a n t ,  t h a t  w i l l  b e  capable  

of process ing  5 tons of i r r a d i a t e d  f u e l  p e r  day. I n i t i a l  ope ra t ion  is  

scheduled f o r  1974.  Options are being obta ined  on a 2500-acre s i t e  

near  Leeds, South Caro l ina .  

The ARCO p l a n t  w i l l  employ a shear- leach head-end t rea tment  

t h a t  i s  similar t o  t h e  b a s i c  ORNL design.  

ARCO w i l l  r e f l e c t  t h e  l a t e s t  f u e l  element des igns  and w i l l  be  optimized 

f o r  l a rge - sca l e  opera t ion .  Recovery and decontamination of t h e  f u e l  

s o l u t i o n  w i l l  be  accomplished by means of so lven t  e x t r a c t i o n ,  using a 

Purex f lowsheet  modified t o  a l low t h e  recovery of neptunium. 

However, t h e  t reatment  a t  

Plutonium and neptunium products  from t h e  p l a n t  w i l l  be  i n  t h e  

form of n i t r a t e  s o l u t i o n s .  Uranium product  w i l l  be  re turned  t o  t h e  

customer e i t h e r  as u rany l  n i t r a t e  o r  as UF as des i r ed .  5’  

The p l a n t  w i l l  a ccep t  i r r a d i a t e d  f u e l  from casks t r anspor t ed  by 

e i t h e r  t r u c k  o r  r a i l .  The unloading f a c i l i t y  w i l l  be  optimized f o r  

t h e  two b a s i c  f u e l  element des igns  (BWR and PWR) t o  permit t h e  handl ing 

of t h e  l a r g e  number of shipments r equ i r ed  f o r  a p l a n t  of t h i s  s i z e .  The 

company a l s o  p lans  t o  o f f e r  a sh ipping  s e r v i c e  f o r  i r r a d i a t e d  f u e l .  

3 . 3 . 3  Major Foreign Processing P l a n t s  

The major fo re ign  process ing  p l a n t s ,  along wi th  t h e i r  c a p a c i t i e s  

and the  types of head-end t rea tment  employed, are l i s t e d  i n  Table 3.6. 



Table 3.6. Major Foreign Nuclear Fuel  Process ing  P l a n t s  

a 
Capacity 
( t o n d y e a r )  Name 

T r  e a tment 

F’urex b Eur oc hemi c Mol, Belgium 100 Chemical dec l ad  

Locat ion Type of 
Head-End Process  Used 

T r  ombay Trombay, Ind ia  100 Chemical dec l ad  F’urex 

Marc oule  Marcoule, France Mechanical Purex 

La Hague La Hague, France Mechanic a 1  Pur ex 

Windscale S e l l a f i e l d ,  England 2500 Mechanic a 1  Pur ex 

a Based on low-enrichment uranium. 

Eurochemic p l a n s  t o  convert  t o  a mechanical head-end because of t h e  l a r g e  volume of chemical 
dec l ad  wastes now be ing  produced. 
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A l l  of t h e s e  p l a n t s  u se  t h e  b a s i c  Purex process .  The smaller p l a n t s ,  

which are r e a l l y  p i l o t  p l a n t s ,  have n o t  been included.  The two small 
I t a l i a n  p l a n t s ,  PCUT and EUREX, use  aqueous technology. Aqueous 

technology w i l l  a l s o  b e  used by t h e  p i l o t  p l a n t  planned a t  Karlsruhe.  

The I t a l i a n s ,  t h e  Japanese,  and t h e  Ind ians  have announced p l ans  

f o r  bu i ld ing  l a r g e  process ing  p l a n t s .  

p l a n t  a t  Tokai-Mura. 

as y e t  unannounced. 

Tarrapur .  All of t h e s e  p l a n t s  w i l l  u t i l i z e  t h e  b a s i c  aqueous technology 

of a mechanical head-end t rea tment  and t h e  Purex process ,  

The Japanese p l an  a 200-ton/year 

The I t a l i a n s  p lan  a lOOO-ton/year p l a n t  a t  a l o c a t i o n  

The Ind ians  are b u i l d i n g  a 300-ton/year p l a n t  a t  

3 . 3 . 4  Trends i n  Processing Technology 

The most ou ts tanding  t r end  i n  nuc lea r  f u e l  processing p l a n t s  is t o  

l a r g e r  s i z e .  This  is  because t h e  es t imated  u n i t  c o s t  of processing de- 

c reases  markedly wi th  inc reas ing  p l a n t  s i z e .  Other c o s t s ,  such as 

shipping and a c c o u n t a b i l i t y  f o r  i n d i v i d u a l  r e a c t o r  f u e l  ba tches ,  i n c r e a s e  

wi th  p l a n t  s i z e  s o  t h a t  one would expec t  t h e  popula t ion  of r e a c t o r s  i n  a 

g iven  area t o  l i m i t  p l a n t  s i z e .  But,  based on p resen t  estimates, t h e r e  

w i l l  be  a s u f f i c i e n t  number of LWR'S ope ra t ing  when t h e  LMFBR's become 

commercial t o  suppor t  s e v e r a l  5-ton/day, o r  l a r g e r ,  f u e l  processing p l a n t s  

i n  a d d i t i o n  t o  t h e  two 1-ton/day p l a n t s  w e  expect  t o  have i n  t h e  United 

S t a t e s .  These p l a n t s  w i l l  be  s i n g l e  purpose; t h a t  i s ,  they w i l l  b e  designed 

f o r  process ing  LWR f u e l s .  I t  is  doub t fu l  t h a t  t h e s e  l a r g e r  p l a n t s  w i l l  

conta in  t h e  necessary mod i f i ca t ion ,  such as p a r a l l e l  head-end and l a r g e r  

plutonium i s o l a t i o n  equipment, f o r  t h e  e a r l y  LMFBR f u e l s .  However, i t  seems 

reasonable  t h a t  a 1-ton/day p l a n t  might b e  modified t o  process  a t  l eas t  long- 

cooled LMFBR f u e l  u n t i l  t h e  load reaches t h e  s i z e  t h a t  would j u s t i f y  

a l a r g e r  p l a n t  b u i l t  s p e c i f i c a l l y  f o r  LMFBR f u e l .  

A s  t h e  p l a n t s  g e t  l a r g e r ,  t h e  degree and r e l i a b i l i t y  of contain-  

ment f o r  r a d i o a c t i v e  materials must i nc rease .  Thus, w e  can expect  

smaller off-gas streams, e f f i c i e n t  systems f o r  removing iod ine ,  rare 

gas  i s o l a t i o n  and s t o r a g e ,  and vapor i za t ion  of tritium i n s t e a d  of 

d i s p o s a l  i n  l i q u i d  water. 
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There w i l l  be  a t r end  toward more continuous and automated 

ope ra t ion  i n  t h e  head-end s t e p  and d i s so lu t ion , and  toward p a r a l l e l  o r  

spare p i eces  of c r i t i c a l  equipment. The newer so lven t  e x t r a c t i o n  

c o n t a c t o r s ,  t h e  Savannah River-developed c e n t r i f u g a l  o r  ORNL stacked- 

c lone con tac to r s ,  w i l l  probably r ep lace  pulsed  columns, no t  because of 

so lven t  damage but  because of t h e i r  o p e r a t i o n a l  s i m p l i c i t y .  

F i n a l l y ,  t h e  e s t a b l i s h e d  t r end  i s  t o  use  t h e  mechanical head-end -- 
aqueous process ing  technology i n  t h e  new l a r g e r  p l a n t s .  I n  t h i s  r e s p e c t ,  

i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a l l  of t h e  new process ing  p l a n t s  have 

chosen t h e  s tandard  Purex process .  The advantage of t h e  Aquafluor process  

f o r  LWR f u e l s ,  t h a t  i t  produces UF ready f o r  r e t u r n  t o  a d i f f u s i o n  p l a n t ,  

does n o t  e x i s t  f o r  t h e  LMFBR f u e l s .  This  does n o t  mean t h e  MFRP could no t  

be  modified and used f o r  LMFBR f u e l ,  b u t  r a t h e r  t h a t  t h e  uranium may be  

s t o r e d  as s l i g h t l y  contaminated ca l c ined  oxide and t h e  f l u o r i n a t i o n  p a r t  

of t he  p l a n t  would n o t  be  used. 

6 
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4.  THE APPLICATION OF AQUEOUS PROCESSING TO LMFBR FUEL 

The Purex s o l v e n t  e x t r a c t i o n  process  i s  employed i n  n e a r l y  every 

major f u e l  process ing  f a c i l i t y ,  both i n  t h i s  country and abroad. Its 

e f f i c i e n c y  and v e r s a t i l i t y ,  and t h e  v a s t  ope ra t ing  experience a v a i l a b l e  

from major process ing  f a c i l i t i e s , m a k e  i t  t h e  l o g i c a l  choice f o r  adapta- 

t i o n  t o  LMFBR f u e l  process ing .  

I n  t h i s  s e c t i o n ,  each s t e p  of t h e  Purex process  (Sec t .  3 . 3 . 1 )  i s  

ass igned  a t a s k  number and broken down i n t o  process  op t ions  as shown i n  

F igs .  4 .1  and 4.2. 

and p o s s i b l e  s o l u t i o n s  are descr ibed .  

LMFBR f u e l  ( a s  compared w i t h  LWR f u e l )  i s  expected t o  n e c e s s i t a t e  modifi-  

c a t i o n s  i n  t h e  chemistry of d i s s o l u t i o n  and s o l v e n t  e x t r a c t i o n  and i n  t h e  

process  equipment des ign  t o  provide  c r i t i c a l i t y  s a f e t y ;  a l s o ,  t h e  high 

decay h e a t  i s  c e r t a i n  t o  a f f e c t  f u e l  t r a n s p o r t  concepts .  The presence of 

sodium w i l l  r e q u i r e  a sodium d e a c t i v a t i o n  s t e p  t h a t  i s  no t  r equ i r ed  f o r  

LWR f u e l  process ing .  I f  short-cooled process ing  proves d e s i r a b l e  t o  

minimize t h e  inventory  pena l ty  on t h e  plutonium va lues  of t h e  f u e l ,  t h e  

r e t e n t i o n  of f i s s i o n  product  1311 w i l l  have t o  b e  improved by many o rde r s  

of magnitude. 

The s p e c i a l  problems posed by LMFBR f u e l  are a s ses sed ,  

The h ighe r  plutonium con ten t  of 

The s p e c i a l  problems posed by LMFBR f u e l  are q u i t e  severe i n  some 

cases ;  i n  g e n e r a l ,  however, a l l  of them appear  t o  be  capable  of s o l u t i o n  

by a s y s t e m a t i c  r e sea rch  and development program. 

4 .1  Shipping - Task 1 

4 . 1 . 1  In t roduc t ion  

Although power r e a c t o r  s p e n t  f u e l  has  been shipped f o r  a number of 

yea r s ,  t h e  a r t  of f u e l  shipment i s  y e t  i n  i t s  infancy.  Fue l  shipments 

have g e n e r a l l y  been r e l a t i v e l y  s m a l l  and have genera ted ,  i n  most cases, 

no more than  approximately 20 kw of h e a t  p e r  cask. 

s t a n c e s  i t  has  been reasonable  t o  use  r e l a t i v e l y  s imple means f o r  

d i s s i p a t i o n  of decay hea t .  

Under such circum- 
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LMFBR s p e n t  f u e l s  w i l l  have been i r r a d i a t e d  a t  h ighe r  s p e c i f i c  power 

t o  g r e a t e r  i r r a d i a t i o n  l e v e l s  than  present-day o r  c u r r e n t l y  a n t i c i p a t e d  

LWR s p e n t  f u e l s .  Due t o  t h e  c o n f i g u r a t i o n  of t h e  f u e l  and t o  i t s  h igh  

s p e c i f i c  power wh i l e  i n  t h e  r e a c t o r  ( s e e  Sects. 3 .1  and 3 .2) ,  w e  can 

a n t i c i p a t e  g r e a t e r  problems w i t h  h e a t  d i s s i p a t i o n  dur ing  sh ipping  (even 

a t  t h e  same decay t imes)  than  w i l l  b e  experienced wi th  spen t  LWR f u e l .  

A t  t h i s  p o i n t  i n  t i m e  w e  cannot  p r e d i c t  what t h e  optimum decay per iod  

o r  rate of decay h e a t  g e n e r a t i o n  f o r  LMFBR f u e l s  w i l l  be.  We can b e  cer- 

t a i n ,  however, t h a t  an economic d r i v i n g  f o r c e  w i l l  e x i s t  throughout t h e  

e n t i r e  f u e l  r ep rocess ing  and r e f a b r i c a t i o n  c y c l e  f o r  minimizat ion of  out-  

o f - r eac to r  t i m e  and, consequent ly ,  s h o r t e r  decay pe r iods .  The h e a t  d i s s i -  

p a t i o n  problem w i l l  obviously b e  aggravated by t h i s  e v e n t u a l i t y .  

A l l  shipments of s p e n t  f u e l  are s u b j e c t  t o  a p p l i c a b l e  Department 

of T ranspor t a t ion  (DOT) r e g u l a t i o n s .  The s p e c i f i c  DOT r e g u l a t i o n s  which 

are expected t o  have t h e  g r e a t e s t  e f f e c t  on cask des ign  (and consequently 

on sh ipping  economy) s p e c i f y  t h e  m a x i m u m  a l lowable  release of contamina- 

t i o n  and r educ t ion  of  shea r ing  under acc iden t  cond i t ions  as descr ibed  i n  

10 CFR 71. ( I n  b r i e f ,  t h e s e  r e g u l a t i o n s  s ta te  t h a t  a cask must be  a b l e  

. t o  s u r v i v e  a 30-f t  drop on to  a f l a t  unyie ld ing  s u r f a c e ,  a 4-f t  drop onto  

a 6-in.-diam p i s t o n ,  a 30-min d u r a t i o n  1475'F f i r e ,  and an 8-hr immersion 

i n  water wi thout  excess ive  release of r a d i o a c t i v i t y  o r  r educ t ion  i n  

s h i e l d i n g . )  While c r i t i c a l i t y  must be  considered f o r  a l l  shipments 

conta in ing  f i s s i l e  material, i t  u s u a l l y  p r e s e n t s  no major problem. 

For LWR f u e l  shipments,  f u l l  r e l i a n c e  has. n o t  been p laced  on t h e  

c a p a b i l i t y  t o  re ta in  t h e  f l u i d  con ten t  of a cask under acc iden t  cond i t ions .  

A s  a r e s u l t ,  a i r  has  g e n e r a l l y  been used as t h e  emergency-case primary 

coolan t .  For LMFBR f u e l  shipments ,  however, i t  is  proposed t o  use  a 

l iqu id-meta l  primary coo lan t  t o  t r a n s f e r  decay h e a t  from t h e  f u e l  rods  t o  

t h e  cask w a l l s  because of i t s  e f f e c t i v e n e s s  i n  t r a n s f e r r i n g  t h e  q u a n t i t i e s  

of h e a t  involved.  We b e l i e v e  t h a t  t h e  containment of t h e  l i q u i d  coolan t  

under acc iden t  cond i t ions  can b e  assured  through use of  a rugged contain-  

ment vessel t h a t  i s  cons t ruc t ed  wi th  improved seals and h igh ly  e f f e c t i v e  

energy-absorpt ion devices .  

I 
- 
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It is  r e a l i z e d  t h a t  t h i s  cask des ign  concept r e p r e s e n t s  a r a t h e r  

s i g n i f i c a n t  change which w i l l  r e q u i r e  ex tens ive  t e s t i n g  and eva lua t ion  

t o  e s t a b l i s h  i t s  capac i ty  t o  meet t h e  requirements  of 10 CFR 71.  However, 

t h e  achievement of s a t i s f a c t o r y  LMFBR f u e l  cyc le  economics w i l l  depend 

l a r g e l y  upon t h e  development of a c a p a b i l i t y  t o  s h i p  a p r a c t i c a l  number 

of spen t  f u e l  subassemblies  i n  a s i n g l e  cask wi thout  t h e  n e c e s s i t y  f o r  

prolonged s t o r a g e  of f u e l  t o  reduce i t s  decay h e a t  genera t ion  ra te ,  o r  

f o r  predisassembly of t h e  f u e l  t o  improve i t s  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s .  

The use of l iquid-metal  primary coo lan t  o f f e r s  t h e  p o t e n t i a l  f o r  develop- 

ment of t h i s  c a p a b i l i t y .  

It appears  l i k e l y  a t  t h i s  t i m e  t h a t  i n t e r i m  process ing  w i l l  no t  be 

accomplished a t  as s h o r t  a decay t i m e  as probably w i l l  be  economic when 

f u e l  i s  processed from a l a r g e  number of commercial LMFBR’s i n  a p l a n t  

equipped f o r  economic high-throughput opera t ion .  Hence, t h e  shipping , 

casks used t o  c a r r y  f u e l  subassemblies from’demonstration and e a r l y ,  

commercial r e a c t o r s  may w e l l  be  d i f f e r e n t  from those  which w i l l  be used 

t o  t r a n s p o r t  f u e l  from la te r  commercial r e a c t o r s  t o  l a rge - sca l e  LMFBR 

f u e l  processing c e n t e r s .  

/ 

It should b e  noted  t h a t  t h e  improvements made i n  t h e  area of LMFBR 

f u e l  shipment w i l l  very  probably be  a p p l i c a b l e ,  i n  a modified fash ion ,  

t o  LWR f u e l  shipment. 

4 .1 .2  Cask Requirements and Design Cons idera t ions  

DOT cask requirements  and des ign  cons ide ra t ions  are involved 

p r i n c i p a l l y  wi th  release of contaminat ion,  m a x i m u m  dose ‘rate, tempera- 

t u r e  l i m i t s ,  and contamination of p r i m a r y  coo lan t s .  

Release of Radioact ive Material. - The maximum amount of radio-  

active m a t e r i a l  t h a t  can be  r e l e a s e d  i s  (1) 0.1% of t h e  t o t a l  radio-  

a c t i v i t y  of t h e  package, o r  ( 2 )  0.01 c u r i e  of group I r ad ionuc l ides ,  

0.5 c u r i e  of group I1 r ad ionuc l ides ,  10 c u r i e s  af groups I11 and I V  
1 r ad ionuc l ides ,  except  t h a t  i n e r t  gases  are l i m i t e d  t o  1000 c u r i e s .  

Release of contaminat ion from t h e  cask is  most l i k e l y  t o  occur as a 

r e s u l t  of impact o r  involvement i n  a f i r e .  



I f  a cask conta in ing  water coolan t  i s  involved i n  a f i r e ,  h igh  

p res su res  w i l l  be  developed i n  t h e  f u e l  c a v i t y  owing t o  t h e  vapori-  

z a t i o n  of t h e  water. Genera l ly ,  such a cask i s  designed wi th  a p res su re  

r e l i e f  va lve .  Once t h e  va lve  i s  ac tua ted ,  i t  i s  most d i f f i c u l t  t o  

ensure  t h a t  i t  w i l l  reseat, and i t  must b e  p o s t u l a t e d  t h a t  a l l  water 

coolan t  w i l l  escape. However, i f  t h e  r a d i o a c t i v e  material is  s e a l e d  

wi th in  a con ta ine r  i n  which t h e  coolan t  has  a low vapor p re s su re  (e .g . ,  

sodium), and i f  t h e  system i s  such t h a t  a shor t -dura t ion  f i r e  w i l l  no t  

produce excess ive  temperatures  (which i s  t h e  case f o r  s t ee l - sh i e lded  

casks normally maintained nea r  ambient temperature) ,  t h e  i n n e r  l i n e  of 

containment w i l l  almost c e r t a i n l y  remain i n t a c t  and thus  a l low no con- 

taminat ion t o  b e  r e l e a s e d  t o  t h e  environment. Although i t  is  n o t  

c u r r e n t . p r a c t i c e  t o  s h i p  r a d i o a c t i v e  materials i n  s e a l e d ,  sodium-fi l led 

casks o r  i n  s tee l  casks ( i . e . ,  i n  t h e  United S t a t e s ) ,  t h e  des ign  and 

cons t ruc t ion  of such systems are  n o t  beyond t h e  c a p a b i l i t y  of c u r r e n t  

technology. 

Inc reased  Dose Rate. - Regulat ions permit  i n c r e a s e s  i n  t o t a l  

(neut ron  p l u s  gamma) r a d i a t i o n  l e v e l  as a r e s u l t  of an acc iden t  t o  a 

m a x i m u m  of 1000 mr/hr  a t  a d i s t a n c e  of 3 f t  from t h e  cask su r face .  Of 

t h e  cask types  considered,  t h e  lead-shielded cask appears  t o  be  t h e  most 

vu lne rab le ,  as regards  l o s s  of gamma s h i e l d i n g ,  if i t  i s  involved i n  t h e  

acc iden t  sequence descr ibed  i n  10 CFR 71. Lead can move under impact 

cond i t ions ;  i t  has  a low mel t ing  p o i n t  and a h igh  c o e f f i c i e n t  of  expansion 

during heat-up and mel t ing  which could cause rearrangement of  t h e  lead  

and subsequent loss  of  s h i e l d i n g  from important  areas when r e s o l i d i f i e d .  

This  is  n o t  t o  say t h a t  lead-shielded casks cannot be designed t o  meet 

r e g u l a t i o n s ;  however, t h e  des ign  may be  somewhat complex, r e s u l t i n g  i n  

increased  c a p i t a l  cos t s .  Impact and f i r e  could create excess ive  stresses 

i n  s tee l  and uranium casks ,  b u t  t h e  p o t e n t i a l  l o s s  of t hese  s h i e l d i n g  

materials appears  t o  b e  less than f o r  l ead  when exposed t o  t h e  same 

environment. Also, loss of t h e  neut ron  s h i e l d i n g  component (which is  

q u i t e  l i k e l y  i f  l i q u i d  s h i e l d s  are u t i l i z e d )  during an acc iden t  would be 

more seve re  i n  t h e  case of a lead-shielded cask than i n  t h a t  of e i t h e r  

steel- o r  uranium-shielded casks owing t o  t h e  l a r g e r  t h i ckness  of t h i s  

component r equ i r ed  t o  meet normal dose ra te  l e v e l s .  



Temperature L i m i t s .  - DOT r e g u l a t i o n s  (49 CFR 173.393) do not  

p l a c e  s p e c i f i c  temperature  l i m i t s  on t h e  cask s h i e l d  o r  on t h e  material  

being t ranspor ted .  

r egu la t ion  t o  180°F. 

than 180°F without  v i o l a t i n g  t h e  r e g u l a t i o n s ,  provided a b a r r i e r  i s  

placed over t h e  ho t  s u r f a c e s  t o  make them inaccess ib l e .  The maximum 

p r a c t i c a l  s u r f a c e  temperature of a lead-shielded cask is  about 40C 'F. 

Even a t  400"F, thermal  cyc l ing ,  thermal shock, and l ead  expansiorL 

during the  ope ra t ing  cyc le  must be accommodated i n  t h e  cask desikn. 

Access ib le  s u r f a c e  temperatures  are l i m i t e d  by 

Cask s u r f a c e s  can a t t a i n  much h ighe r  temperatcres  

Both steel-  and uranium-shielded casks may be  operated a t  tempera- 

t u r e s  considerably h ighe r  than can l ead  ,casks. 

r e a c t o r  f u e l  hea t  load ,  t h e  capac i ty  f o r  e l eva ted  temperature ope ra t ion  

w i l l  l i k e l y  b e  an ove r r id ing  f a c t o r  i n  t h e  choice of s h i e l d i n g  material 

f o r  LMFBR f u e l  casks.  

Considering t h e  f a s t -  

Regulat ions do no t  p r o h i b i t  f u e l  mel t ing  pe r  se. Some of t h e  

p o s s i b l e  consequences of a f u e l  meltdown ( c r i t i c a l i t y  and release of 

f i s s i o n  products  t o  t h e  environment) are, however, p rohib i ted .  A s  a 

p r a c t i c a l  matter, i t  is  d e s i r a b l e  t o  restrict  t h e  temperature  of t h e  

f u e l  t o  levels which are compatible wi th  cladding i n t e g r i t y ,  thus 

avoiding g r o s s  escape  of f i s s i o n  products  t o  t h e  primary coolan t  even 

under t h e  h y p o t h e t i c a l  acc iden t  condi t ions .  

Contamination of Primary Coolant. - Primary coolan t  i s  def ined  
as the  gas, l i q u i d ,  and/or  s o l i d  that i s  i n  contact w i t h  the r a d i o a c t i v e  

material and is  used t o  remove decay hea t .  Under normal ope ra t ing  condi- 

t i o n s ,  r ad ionuc l ide  concent ra t ions  i n  t h e  primary coolan t  are l i m i t e d  t o  
-6 -4 

When f u e l s  are shipped i n  a cask 

cur ie /ml  f o r  group I ,  5 x 10 cur ie /ml  f o r  group 11, and 3 x 10 

cur ie /ml  f o r  group I11 p lus  group IV. 

whose coolan t  w i l l  be  t o t a l l y  r e t a i n e d  and sh ie lded ,  t h e  requirements 

pe r t a in ing  t o  release of r a d i o a c t i v i t y  w i l l  obviously be  m e t  and t h e  

r a d i o a c t i v i t y  of t h e  coolan t  w i l l  be  a matter of concern only t o  t h e  

cask r e c i p i e n t .  Therefore ,  t h e  provis ions  of t h i s  requirement may 

be  waived when t h e  containment v e s s e l  is proven t o  be  e s s e n t i a l l y  

inv io l ab le .  



4.1.3 Current  Practice 

Cask des igns  i n  t h e  United S t a t e s  have, almost exc lus ive ly ,  

u t i l i z e d  l e a d  s h i e l d i n g .  The United Kingdom p r e f e r s  s t e e l  as a s h i e l d  

material  i n  s p i t e  of t h e  weight disadvantage because steel  a f f o r d s  

a d d i t i o n a l  i n t e g r i t y  during a f i r e .  

casks have been designed and b u i l t ,  b u t  u sua l ly  f o r  a s p e c i f i c  purpose.  

I n  t h i s  s e c t i o n ,  c u r r e n t  p r a c t i c e  i n  regard  t o  lead-shielded casks 

w i l l  be  d iscussed .  

Uranium- and tungsten-shielded 

Heat Transfer .  - To d a t e ,  t h e  problems a s s o c i a t e d  wi th  h e a t  

t r a n s f e r  have n o t  been g r e a t .  

range of 10 t o  20 kw p e r  cask and have been d i s t r i b u t e d  f a i r l y  uni- 

formly throughout t h e  c a v i t y .  A i r  has  been used customari ly  as t h e  

primary coolan t  because i t  cannot  b e  " l o s t "  i n  an acc iden t .  I n  order  

t o  accommodate an excep t iona l ly  h igh  h e a t  t r a n s f e r  l oad ,  metal s h o t  

r a t h e r  than a i r  has  been used t o  keep f u e l  temperatures  a t  acceptab le  

l e v e l s .  

Heat loads  have g e n e r a l l y  been i n  t h e  

2 

Two noteworthv casks designed t o  remove l a r g e  h e a t  loads may be  

mentioned. The f i r s t  i s  a 125-ton cask designed by t h e  U.S. Navy t o  

serve, i n i t i a l l y ,  as a docksi'de cool ing and s t o r a g e  po in t  f o r  i t s  sub- 
marine co res  and, a f t e r  cool ing ,  as a sh ipping  cask. Forced convec- 

t i o n  of water, capable  of removing about  100 kw of h e a t ,  i s  used t o  

cool  t h e  core .  The second i s  a 75-ton Westinghouse cask designed t o  

remove 70 kw of h e a t  from spen t  Yankee Atomic f u e l  subassemblies.  

This cask w a s  designed t o  con ta in  t e n  Yankee Atomic f u e l  subassemblies ,  

each c o n s i s t i n g  of about 300 f u e l  rods ,  0.340 i n .  OD and spaced 0.422 i n .  

a p a r t  i n  a square  a r r a y .  A t  cask des ign  cond i t ions ,  t h e  f u e l  rods 

would be emi t t i ng  2.9 w p e r  f o o t  of l e n g t h  (90 days decay).  This cask ,  

under normal cond i t ions ,  uses  c i r c u l a t i n g  water both  as t h e  primary and 

as t h e  secondary coolan t .  I n  an emergency, a l l  coolan t  i s  assumed t o  be 

l o s t ,  l eav ing  t h e  space between t h e  f u e l  and t h e  i n n e r  cask w a l l  f i l l e d  

wi th  a i r .  Under acc iden t  cond i t ions ,  t h e  h e a t  f l u x  a t  t h e  cask s u r f a c e  

w i l l  be  about  1800 Btu hr - I  f t - 2  of f l a t  s u r f a c e ,  and t h e  l ead  i n n e r  

s u r f a c e  temperature  and t h e  m a x i m u m  f u e l  element temperature  w i l l  be  

approximately 619°F and 1400"F, r e spec t ive ly .  

3 
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Cask Design. - Small  casks f o r  t r a n s p o r t i n g  s m a l l  q u a n t i t i e s  of  

r a d i o a c t i v e  material are q u i t e  o f t e n  overdesigned wi th  r e s p e c t  t o  

inne r  and o u t e r  s h e l l  t h i ckness .  Such casks have been t e s t e d  and found 

adequate from an impact and puncture  p o i n t  of view.4 

become l a r g e r  and t h e  consequences of  acc iden t s  more seve re ,  des igns  

have become more complex, Due t o  l a c k  of theory  and experiment re la t ive 

t o  t h e  p r o t e c t i o n  of  casks  during acc iden t s ,  cask des igne r s  have r e s o r t e d  

t o  providing t h e  cask  w i t h  a c rushable  impact s h i e l d  and/or  f i r e  s h i e l d .  

For example, i n  t h e  case of t h e  prev ious ly  mentioned 75-ton Westinghouse 

cask, t h e  e n t i r e  r a i l  c a r  is designed t o  p r o t e c t  t h e  cask during impact. 

A s  casks have 

S p e c i a l  p recau t ions  must b e  taken  i n  t h e  des ign  and cons t ruc t ion  

of a cask t o  ensu re  a g a i n s t  leakage under a l l  c r e d i b l e  cond i t ions .  

Recent tests5 have i n d i c a t e d  t h a t  f i n s  welded t o  t h e  cask around t h e  

c losu re  area can provide  enough energy abso rp t ion  and d i s s i p a t i v e  capac- 

i t y  t o  p r o t e c t  t h e  seal i n t e g r i t y  even wi th  t h e  cask opera t ing  under 

pressure .  A t  least two l i n e s  of containment are g e n e r a l l y  provided t o  

main ta in  c o n t r o l  of t h e  f i s s i o n  products  i n  spen t  f u e l  shipments.  One 

r ecen t  design provided t h r e e  l i n e s  of containment,  s i n c e  t h e  f u e l  con- 

t a ined  a sodium bond which w a s  no t  t o  come i n  con tac t  w i th  water when 

s t o r e d  i n  a pool  over  an extended per iod  of t i m e . '  The cask seal w a s  

maintained by a s i n g l e  s t a i n l e s s  s teel-s i las t ic  rubber  gaske t ,  b u t  each 

f u e l  subassembly w a s  c a r r i e d  i n s i d e  two concen t r i c  c a n i s t e r s .  Each 

c a n i s t e r  was s e a l e d  by welding. 

4.1.4 LO 
LMFBR Fuel  Shipment 

The primary problem c e n t e r s  around t h e  a b i l i t y  of t h e  cask t o  

d i s s i p a t e  t h e  r e q u i s i t e  amount of h e a t  both under normal and acc iden t  

condi t ions .  The h e a t  f l u x  p e r  f o o t  of f u e l  rod and t h e  cask e x t e r n a l  

hea t  f l u x  are c u r r e n t l y  r a t h e r  modest. I n  t h e  case  of t h e  prev ious ly  

mentioned Westinghouse cask t h e s e  f l u x e s  are 2.9 w / f t  and 1800 Btu 

h r  f t  , r e s p e c t i v e l y .  For t h i s  ca se ,  t h e  acc iden t  equi l ibr ium tempera- 

t u r e  of t h e  f u e l  i s  1400"F, which i s  accep tab le  f o r  heavy-walled, s t a i n -  

l e s s - s t ee l - c l ad  LWR f u e l  rods .  

-1 -2 

However, f o r  an LMFBR f u e l  rod i r r a d i a t e d  
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a t  an average power of 10 kw/f t  (a t y p i c a l  power gene ra t ion  r a t e )  f o r  

a per iod  of 1 y e a r ,  t h e  decay h e a t  gene ra t ion  r a t e  w i l l  be  approximately 

15.5 w / f t  a t  20 days decay, 8.3 w / f t  a t  60 days decay, and 4 .1  w/ f t  a t  

150 days decay. (The e f f e c t  of +50% changes i n  i r r a d i a t i o n  t i m e  would 

be of t h e  o rde r  of + lo%.)  Fur the r  complicat ing t h e  problem of decay 

hea t  d i s s i p a t i o n  by c u r r e n t  techniques i s  t h e  low r a t i o  of co re  length  

t o  t o t a l  l ength  of subassembly t o  be  t r anspor t ed .  

no t  s u i t e d  f o r  e f f e c t i v e  ax ia l  t r a n s p o r t  of h e a t .  

Current  p r a c t i c e s  are 

As f u r t h e r  demonstrat ion of t h e  i n e f f e c t i v e n e s s  of c u r r e n t  p r a c t i c e  

(use of unc i r cu la t ed  a i r  f o r  primary coo lan t )  f o r  d i s s i p a t i o n  of hea t ,  

Fig.  4 .3  ( s e e  Sec t .  4.3) shows t h e  approximate m a x i m u m  f u e l  rod tempera- 

t u r e  w i t h i n  a 217-rod bundle f o r  va r ious  cond i t ions  of h e a t  gene ra t ion  

rate and emiss iv i ty .  

(an a r b i t r a r y  and u n r e a l i s t i c a l l y  low temperature  assumed f o r  t h e  sur-  

roundings of t h e  subassembly wrapper) ,  i t  can be  seen  t h a t  t h e  temperature  

Even wi th  an e x t e r n a l  temperature  of only 212°F 

of t h e  h o t t e s t  rod is g r e a t e r  than 1300°F ( s i g n i f i c a n t l y  h ighe r  temperatures  

reduce cladding s t r e n g t h  t o  unacceptable  va lues)  f o r  any decay h e a t  gener- 

a t i o n  ra te  g r e a t e r  than 2.8 w / f t  when t h e  e m i s s i v i t y  i s  less than o r  

equal  t o  0.5. 

hea t  gene ra t ion  of a f u e l  rod i r r a d i a t e d  a t  an average power of 8.5 kw/f t  

f o r  a per iod  of 1.5 yea r s  and decayed f o r  250 days.  

The decay h e a t  rate of 2 .8  w / f t  corresponds t o  t h e  decay 

I t  is ,  t h e r e f o r e ,  apparent  t h a t  an improvement i n  h e a t  d i s s i p a t i o n  

i s  d e s i r a b l e  f o r  t r a n s p o r t  of LMFBR f u e l s  (and poss ib ly  a l s o  of b e n e f i t  

f o r  shipment of LWR f u e l s ) .  Major improvements i n  h e a t  d i s s i p a t i o n  capa- 

b i l i t y  can b e  made through use  of an e f f e c t i v e  primary coo lan t  and of 

increased  e x t e r n a l  cask temperatures .  Sodium i s  a very  e f f e c t i v e  primary 

coolan t  as a r e s u l t  of i t s  good thermal  conduc t iv i ty  (- 37 Btu hr-' 

ft-' "F-l) and i t s  capac i ty  t o  t r a n s p o r t  h e a t  over  long d i s t a n c e s  wi th  

r e l a t i v e l y  low-temperature d i f f e r e n t i a l s  by means of thermal  convect ion.  

Much h ighe r  e x t e r n a l  temperatures  can b e  accepted (under t h e  acc iden t  

cond i t ion ) ,  provided s t e e l  is  used f o r  s h i e l d i n g  i n  l i e u  of l ead .  

The major problem concerning t h e  use  of any f l u i d  primary coolan t  

o t h e r  than a i r  i s  r e t e n t i o n  of t h e  coo lan t  under a l l  cond i t ions .  Model 
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casks of va r ious  d e s c r i p t i o n s  have shown s a t i s f a c t o r y  c a p a b i l i t y  t o  

con ta in  f l u i d s  be fo re  and a f t e r  a 30-ft  f r e e - f a l l  impact test. The 

number of tests is very  small; they were made wi th  non typ ica l  systems 

and c e r t a i n l y  do n o t  provide  t h e  degree of assurance  necessary t o  permit  

acceptance of a sh ipping  system t h a t  i s  t o t a l l y  dependent on r e t e n t i o n  

of t h e  coolan t  f o r  s a f e t y .  

S t e e l  can b e  made which w i l l  have s a t i s f a c t o r y  performance f o r  cask 

s e r v i c e  a t  e l e v a t e d  temperatures .  The metal th i cknesses  r equ i r ed  f o r  

a s t e e l - s h i e l d e d  cask range up t o  21  i n .  

is  c e r t a i n l y  n o t  r o u t i n e ,  a l though i t  appears  t o  be  a problem which can 

be solved by normal engineer ing  and developmental  e f f o r t .  This develop- 

mental  e f f o r t  w i l l  i nc lude  tests t o  determine t h e  proper  material  compo- 

s i t i o n  and h e a t  t rea tment .  Addi t iona l  in format ion  on t h i s  gene ra l  s u b j e c t  

can be found i n  ORNL-TM-2723, An Engineering Evaluat ion of LMFBR Fuel  

Shipment. 

Fab r i ca t ion  of such a system 

4.1.5 Cost of Shipping 

The major i t e m s  t o  b e  considered i n  c a l c u l a t i n g  t h e  c o s t  of f u e l  

shipment are as fol lows:  

1. Fuel  handl ing a t  both  t h e  r e a c t o r  s i t e  and a t  t h e  process ing  

f a c i l i t y .  

2 .  Cost of cask usage ( inc ludes  r e t u r n  on inves tment ) .  

3.  Fre igh t  c o s t .  

4 .  Insurance  c o s t .  

The c o s t  of f u e l  handl ing should inc lude  t h e  p r i c e  of p repa ra t ion  of 

t h e  f u e l  f o r  shipment,  assuming t h a t  t h e s e  p repa ra t ion  ope ra t ions  do n o t  
7 reduce t h e  c o s t  of f u e l  recovery a t  t h e  process ing  s i te .  An ORNL s tudy  

has  been made which i n d i c a t e d  t h a t  t h e  c o s t  of p repa ra t ion  w i l l  b e  very 

s i g n i f i c a n t  f o r  a s i n g l e  lOOO-Mw(e) r e a c t o r  s t a t i o n  i f  t h e  p repa ra t ion  

opera t ions  inc lude  complete disassembly of t h e  f u e l  subassembly and 

canning of t h e  f u e l  rods i n  s teel  p ipes .  A s  t h e  s i z e  of t h e  r e a c t o r  

s t a t i o n  i n c r e a s e s ,  t h e  u n i t  c o s t  of such f u e l  p repa ra t ion  w i l l  decrease  

markedly. Reduction of f u e l  p r e p a r a t i o n  charges t o  a n e g l i g i b l e  amount 



appears  reasonable  i f  t h e r e  i s  no disassembly r equ i r ed  f o r  shipment,  i f  

t h e r e  is  no c leaning  r equ i r ed  f o r  shipment, and i f  t h e  same handl ing 

equipment can b e  used f o r  loading f u e l  subassemblies  i n t o  t h e  sh ipping  

cask as is used f o r  o t h e r  r e a c t o r  f u e l  handl ing ope ra t ions .  The u n i t  c o s t  

of f u e l  handl ing a t  t h e  process ing  s i t e  can b e  expected t o  b e  of minimal 

importance economically,  provided t h a t  t h e  capac i ty  of t h e  f a c i l i t y  i s  of 

t h e  o rde r  of tons p e r  day. The item causing f u e l  disassembly a t  t he  

r e a c t o r  s i t e  t o  b e  of an unacceptable  magnitude i s  t h e  l a r g e  investment 

r equ i r ed ,  coupled wi th  usage f o r  only a s m a l l  f r a c t i o n  of t h e  t i m e ;  by 

c o n t r a s t ,  such equipment a t  a processing f a c i l i t y  can be  expected t o  be  

u t i l i z e d  almost cont inuously,  thus  reducing t h e  u n i t  c o s t  f o r  use of 

equipment. 

The expense f o r  cask usage can b e  expected t o  be  one of t h e  l a r g e s t  

c o s t s ,  i f  n o t  t h e  l a r g e s t  c o s t ,  involved i n  t h e  shipment of LMFBR f u e l .  

The amount t o  be  charged f o r  t h i s  is  dependent upon t h e  degree of u t i l i -  

z a t i o n  t h a t  can b e  achieved and, of course ,  upon t h e  c o s t  of t h e  cask 

pe r  kilogram of f u e l  shipped.  This  c o s t  w i l l  undoubtedly be  a func t ion  

of t h e  cask-weight-to-fuel-weight r a t i o  as w e l l  as of t h e  complexity of 

t h e  cask.  

The c o s t  of f r e i g h t  w i l l  b e  c o n t r o l l e d  l a r g e l y  by t h e  weight of 

cask p e r  w e i g h t  o f  f u e l ,  p l u s  t h e  d i s t a n c e  s h i p p e d .  The method of s h i p -  

ment w i l l  a l s o  have some in f luence .  

The cos t  of insurance ,  wh i l e  n o t  n e g l i g i b l e ,  is  no t  p a r t i c u l a r l y  

s i g n i f i c a n t .  It h a s  been es t imated  t h a t  t h e  insurance  c o s t  w i l l  amount 

t o  approximately 0.05% of t h e  va lue  of t h e  shipment. 

I f  t h e  decay pe r iod  p r i o r  t o  shipment is  extended beyond t h e  t i m e  

necessary  t o  d e l i v e r  t h e  f u e l  t o  t h e  process ing  f a c i l i t y  a t  t h e  ear l ies t  

t i m e  t h a t  t h e  process ing  can b e  economically accomplished, t h e  c o s t  of 

shipment must i nc lude  t h e  inventory  c o s t  f o r  t h e  incremental  per iod.  

An a p p r e c i a t i o n  f o r  t h e  magnitude of t h e  inventory  c o s t  can be  gained 

by observing t h a t  t h e  weekly inventory  c o s t  f o r  a material  conta in ing  

15% f i s s i l e  plutonium, valued a t  $lO/g, a t  an in te res t  charge of 10% 

per  annum w i l l  be  s u f f i c i e n t  t o  pay t h e  f r e i g h t  on 36 , t i m e s  t h e  weight 
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of t h e  f u e l  over  a d i s t a n c e  of 2000 m i l e s .  Inasmuch as the  r a t i o  of 

the  sh ipping  cask weight t o  t h e  f u e l  weight i s  n o t  s t rong ly  inf luenced  

by t h e  decay t i m e ,  b u t  inventory  pena l ty  i s  l i n e a r  wi th  decay t i m e ,  i t  

can be  seen  t h a t  i t  w i l l  b e  economically d e s i r a b l e  t o  s h i p  spent  f u e l  

as soon as i t  can be  economically processed. 

The e f f e c t i v e n e s s  of h e a t  d i s t r i b u t i o n  from t h e  f u e l  t o  t h e  cask 

s h i e l d i n g  is  t h e  major f a c t o r  c o n t r o l l i n g  t h e  amount of f u e l  t h a t  can 

be  shipped i n  t h e  cask.  The f i g u r e  of m e r i t  is  t h e  r a t i o  of cask weight 

t o  t h e  weight of f u e l  shipped. Table  4 .1  g i v e s  a comparison of t h r e e  

cask des igns ,  two of which employ t h e  convent iona l  means of h e a t  d i s t r i -  

bu t ion  and one t h a t  employs t h e  more e f f e c t i v e  l i q u i d  metal coolan t  

method. The f i r s t  of t h e s e  casks is  f o r  PWR f u e l  shipment, and w a s  

designed according t o  c u r r e n t  p r a c t i c e ;  t h e  second cask i s  f o r  f a s t -  

b reeder - reac tor  (FBR) f u e l  and i s  designed along t h e  same l i n e s .  

These two casks employ a i r  as t h e  primary w o l a n t  i n  t h e  emergency 

case; t h e r e f o r e ,  h e a t  i s  r e j e c t e d  from t h e  f u e l  rods p r i n c i p a l l y  by 

r a d i a t i o n  from rod t o  ad jacen t  rod and thence t o  co lde r  sh i e ld ing  w a l l .  

The las t  column p r e s e n t s  t h e  expected performance f o r  a conceptual ly  

designed cask employing sodium as primary coolan t .  This  cask des ign  

provides  f o r  t h e  shipment of about 1.8 tons  of h igh ly  i r r a d i a t e d  

core  f u e l  (U02-PuO ) incorpora ted  i n  36 Atomics I n t e r n a t i o n a l  

Reference Oxide Reactor  f u e l  subassemblies.  

were chosen as a l o g i c a l  load  s ince  36 hexagonal shapes can be 

s i t u a t e d  i n  t h r e e  concen t r i c  r i n g s  i n  a hexagonal a r r a y .  Fur ther ,  t h e  

es t imated  rod and s h i e l d i n g  temperatures  (when ope ra t ing  under emergency 

condi t ions)  are w e l l  w i t h i n  t h e  accep tab le  ranges.  I n  t h i s  case, i t  has  

not  been necessary  t o  disassemble t h e  f u e l  subassembly i n t o  rods ,  as w a s  

necessary f o r  t h e  two casks  designed t o  handle  r e l a t i v e l y  h igh -ac t iv i ty  

FBR f u e l s .  I n  s p i t e  of t h e  f a c t  t h a t  t h e  l eng th  of t h e  core  s e c t i o n  

being shipped i n  t h e  "advanced design" cask is  only about 25% of t h e  

t o t a l  l ength  of t h e  cask ,  t h i s  cask has  t h e  most advantageous r a t i o  of 

cask weight t o  f u e l  weight  of any of those  in tended  f o r  shipment of  

f u e l  having decay h e a t  gene ra t ion  rates of 1 3  w / f t  o r  g r e a t e r .  

can a l s o  be  observed t h a t  t h e  r a t i o  of cask weight t o  e lectr ical  power 

2 
Thi r ty-s ix  subassemblies 

I t  



Table 4.1. Comparison of Cask Designs 

Current  P r a c t i c e  Advanced Design 

ORNL-TM-2723 a Cask des ign  r e p o r t  WCAP- 1 859 
Reactor Yankee CUP-441 8 A I  Ref. Oxide 

Core f u e l  pe r  shipment, kg 2740 397 1796 
Core l e n g t h ,  i n .  91.8 16 48 
Tota l  l e n g t h  subassembly, i n .  

Decay h e a t ,  w pe r  ft '  of p i n  

Decay h e a t ,  t o t a l  kw 

M a x .  f u e l  rod  temperature ,  O F  

Cask e x t e r i o r  temperature ,  O F  

Primary coo lan t  

Sh ie ld ing  m a t e r i a l  

Bundle d i  sassembly 

Cask-to-core r a t i o ,  kg/kg 

1 1 1  

2.9 
70 
1400 

446 
A i r  

Lead 

No 

25 

56 
14.4 
83.7 
1227 

321 
A i r  + Cu 

Le ad 

Yes 

192 

g r i d  

Ca sk-w e i  g h t  - t o -  f ue 1 -energy r a  ti 0, 
kg/Mwd(e) 2.08 4,8 

21 2 

13.5 
422 
1155 
71 0 
Sodium 

S t e e l  

No 

83 

2.59 

aPersonal  communication from R. Salmon, ORNL, January 1967. 
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generated i s  approximately t h e  same f o r  t h e  advanced-design sodium- 

f i l l e d  cask as f o r  t h e  cask designed t o  c a r r y  PWR f u e l .  

C r i t i c a l i t y  is n o t  expected t o  c o n t r i b u t e  m a t e r i a l l y  t o  e i t h e r  

t h e  d i f f i c u l t y  o r  c o s t  of shipment. 

ments (‘30 subassemblies o r  more per  cask) w i l l  t h e  e f f e c t i v e  neut ron  

m u l t i p l i c a t i o n  f a c t o r  (k  

r e a c t i v e  types  of  LMFBR f u e l  (e.g., A I  Ref. Oxide) under optimum condi- 

t i o n s .  

such t h a t  u t i l i z a t i o n  of nominal amounts of f i x e d  neut ron  poisons w i t h i n  

the  cask can provide  nuc lea r  c r i t i c a l i t y  s a f e t y .  Aside from prevent ion  

of c r i t i c a l i t y  per  s e , i t  may be d e s i r a b l e  t o  inc lude  f i x e d  neutron poisons 

i n  t h e  cask t o  m i t i g a t e  t h e  problem of neut ron  sh ie ld ing .  

c r i t i c a l  neut ron  m u l t i p l i c a t i o n  r e s u l t i n g  from i n t e r a c t i o n  of f ixed-  

source  neut rons  ( o r i g i n a t i n g  from transuranium elements i n  t h e  f u e l )  wi th  

f u e l  n u c l e i  could be  reduced through t h e  a d d i t i o n  of nonf i s s ionab le  

neutron absorbers .  

Only i n  cases of l a r g e  f u e l  ship-  

) exceed u n i t y ,  and then only f o r  t h e  more e f f  

Even i n  l a r g e  f u e l  shipments t h e  degree of  s u p e r c r i t i c a l i t y  i s  

That i s ,  sub- 

The f u e l  assembly conf igu ra t ion  w i l l  have some bear ing  upon t h e  

cos t  of sh ipping  as i t  a f f e c t s  t h e  d i f f i c u l t y  of removal of h e a t  from 

t h e  f u e l  rods and i t s  d i s t r i b u t i o n  w i t h i n  t h e  cask c a v i t y .  Without 

ques t ion ,  h ighe r  r a t i o s  of t h e  f u e l  subassembly t o t a l  l ength  t o  co re  

l eng th  w i l l  adverse ly  a f f e c t  t h e  r a t i o  of cask weight t o  f u e l  weight;  

however, t h e  pena l ty  t o  b e  s u f f e r e d  as a r e s u l t  of i nc reas ing  r a t i o s  

of subassembly t o t a l  l eng th  t o  co re  l eng th  is no t  as l a r g e  as might 

be expected. I n  OWL-TM-2723, comparisons were made of t h e  weight of 

a shipping cask f o r  f u l l - l e n g t h  f u e l  subassembl ies ,wi th  the  weight of 

a cask f o r  cropped subassemblies  (cropped t o  reduce t h e  o v e r a l l  l eng th  

by more than  a f a c t o r  of 2 ) .  

subassemblies ,  t h e  r educ t ion  i n  cask weight a t t a i n e d  by reducing t h e  

length  of t h e  subassembly from 1 7  f t  8 i n .  t o  t h e  cropped length  of 

7 f t  8 i n .  w a s  only 12.5%. 

I n  t h e  case of a cask  conta in ing  18 
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4.2 Receiving and Storage  - Task 2 

4 . 2 . 1  Requirements and Objec t ives  

The process ing  p l a n t  f a c i l i t i e s  f o r  r ece iv ing  and s t o r a g e  should 

provide t h e  means f o r  r ap id ,  e f f e c t i v e ,  economical, and s a f e  opera t ion .  

The s p e c i f i c  requirements  f o r  t h i s  subtask  are cont ingent  upon de te r -  

minat ions t h a t  a r e  made i n  Tasks 1 and 3; hence, t h e  major p a r t  of t h i s  

work should be  delayed u n t i l  reasonable  d e f i n i t i o n  of t h e  n a t u r e  of t h e  

sh ipping-casks  and t h e  head-end process ing  system becomes a v a i l a b l e .  

Obviously, however, a l i m i t e d  amount of e a r l y  work on r ece iv ing  and 

s t o r a g e  I s  r equ i r ed  t o  s e r v e  as i n p u t  t o  t h e  o t h e r  two t a s k s .  

The f u e l  r ece iv ing  and s t o r a g e  problem w i l l  r e q u i r e  c l o s e  s c r u t i n y  

f o r  t h e  short- term (FFTF and demonstrat ion r e a c t o r s ) ,  as w e l l  as f o r  

t h e  long-term, need. Minimization of  c a p i t a l  ou t l ay  f o r  t h e  short- term 

need should be  a major o b j e c t i v e  b u t  one which w i l l  r e q u i r e  weighing 

a g a i n s t  o t h e r  o b j e c t i v e s ,  such as u t i l i t y  over  t h e  e n t i r e  per iod  t h a t  

LMFBR f u e l  w i l l  c o n s t i t u t e  a process ing  load  f o r  t h e  p l a n t  and t h e  

d e s i r a b i l i t y  of s u c c e s s f u l  demonstrat ion of t h e  e s s e n t i a l s  of t h e  system 

t o  be used wi th  t h e  l a r g e r  amounts of f u e l s  t o  b e  genera ted  by l a t e r  

commercial LMFBR'S. 

4.2.2 P resen t  Practice f o r  LWR Fuels  and Sodium-Cooled Reactor Fuels  

As is  w e l l  known t o  a l l  who have even a pass ing  acquaintance wi th  

present-day chemical processing p l a n t s ,  t h e  p r a c t i c e  is  now, and has  

been i n  t h e  p a s t ,  t o  unload and s t o r e  t h e  incoming f u e l  under water. 

Upon receipt of a shipment, t h e  cask primary coo lan t  i s  usua l ly  sampled 

f o r  de te rmina t ion  of r a d i o a c t i v i t y . l e v e 1 .  The cask i s  subsequent ly  

lowered i n t o  a w a t e r - f i l l e d  cana l ,  unloaded, and then  removed from 

t h e  cana l .  

Af t e r  removal of t h e  cask,  i t  i s  necessary  t o  check t h e  cask 

e x t e r i o r  s u r f a c e  f o r  r a d i o a c t i v e  contamination. Some d i f f i c u l t y  is  

usua l ly  encountered i n  reducing t h e  s u r f a c e  contaminat ion t o  accep tab le  

l e v e l s .  Experience a t  NFS has  been t h a t  a t  least two days are  r equ i r ed  



f o r  t h e  t o t a l  ope ra t ion  of  cask r e c e i p t ,  unloading, and su r face  decon- 

taminat ion.  This  ope ra t ion ,  as p r e s e n t l y  c a r r i e d  ou t ,  n o t  only 

precludes product ive  u t i l i z a t i o n  of an expensive cask f o r  those two 

days bu t  a l s o  consumes a s i g n i f i c a n t  amount of  manpower. 

Because t h e  q u a n t i t y  of f u e l  genera ted  by sodium-cooled r e a c t o r s  

has  been small, f u e l  handl ing and s t o r a g e  p r a c t i c e s . f o r  t hese  f u e l s  

have gene ra l ly  been similar t o  those  app l i ed  t o  LWR f u e l s .  They have 

(with one except ion)  been shipped i n  t h e  same g e n e r a l  type of cask as 

is  used f o r  LWR f u e l ,  and i n i t i a l  ope ra t ions  a t  t h e  processing s i t e  

have been similar t o  those  employed w i t h  LWR f u e l s .  The except ion t o  

t h i s  g e n e r a l i z a t i o n  i s  EBR-I1  co re  f u e l ,  which has  been processed i n  an on- 

s i te  f u e l  cyc le  f a c i l i t y .  I n  t h i s  s i t u a t i o n ,  t h e  f u e l  rods are allowed ’ 

t o  decay f o r  a s h o r t  pe r iod  (about two weeks) i n  a sodium ba th  and are 

then cleaned of sodium i n  t h e  course  of being t r a n s f e r r e d  from t h e  

r e a c t o r  t o  t h e  ad jacen t  process ing  f a c i l i t y ;  subsequent ly ,  they are 

handled i n  an a i r - f i l l e d  ce l l .  

4 . 2 . 3  Spec ia l  Problems wi th  LMFBR Fuels  

LMFBR f u e l s  w i l l ,  by d e f i n i t i o n ,  have been immersed i n  molten 

sodium during t h e i r  i r r a d i a t i o n ,  and q u i t e  poss ib ly  a l s o  during 

t r a n s i t  t o  t h e  process ing  f a c i l i t y .  There may-be sodium i n s i d e  t h e  

f u e l  rods ,  e i t h e r  as a r e s u l t  of  f a i l u r e  of t h e  rods o r  by design.  

T h e  presence, o r  t h e  t h r e a t  of t h e  presence ,  of sodium i n  t h e  f u e l  . 

rods w i l l  i n f l u e n c e  t h e  method of handl ing and s t o r a g e  of LMFBR f u e l  

a t  t h e  processing p l a n t .  

I f  t h e  f u e l  subassemblies  are shipped i n  sodium, t h e  r ece iv ing  

f a c i l i t i e s  should b e  arranged s o  t h a t  t h e  subassemblies  can be with- 

drawn from t h e i r  sodium-fi l led c o n t a i n e r ( s )  whi le  materials t h a t  

react wi th  sodium are excluded. (This shipping method is  considered 

t h e  most probable . )  Subsequently,  s t o r a g e  of t h e  f u e l ,  wi th  p o s s i b l e  

p r i o r  c leaning t o  remove e x t e r n a l  sodium, w i l l  be  r equ i r ed  t o  provide 

a su rge  capac i ty  f o r  feed  t o  t h e  head-end process ing  f a c i l i t i e s .  

(The var ious  methods of sodium removal are d iscussed  i n  Sec t .  4 . 3 . )  
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4.2.4 Poss ib l e  So lu t ions  

A p o r t i o n  of t h e  r ece iv ing  f a c i l i t i e s  w i l l ,  of n e c e s s i t y ,  b e  a r e p l i c a  

of a p o r t i o n  of t h e  r e a c t o r  s i t e  sh ipping  f a c i l i t i e s .  

appears  t o  be  promising f o r  minimizing turnaround t i m e  both a t  t h e  r e a c t o r  

s i t e  and a t  t h e  processing s i t e  is  t h e  avoidance of immersion of t h e  cask 

i n  a contaminated environment. We b e l i e v e  t h a t  t h e  po r t ion  of t h e  cask 

s u r f a c e  t o  be  contaminated can be  l i m i t e d  t o  r e l a t i v e l y  small areas and 

t h a t  ex tens ive  decontamination of these  areas w i l l  no t  be necessary  s i n c e  

i t  w i l l  be  reasonable  t o  cover t h e s e  areas during t r a n s i t  t o  prevent  

spread  of t he  s u r f a c e  contamination. Experimental  e f f o r t  w i l l  be re- 

qui red  t o  e s t a b l i s h  t h e  merit of t h i s  approach. 

A s o l u t i o n  t h a t  

There are a number of p o s s i b i l i t i e s  f o r  s t o r a g e  of f u e l .  These 

include:  (1) s t o r a g e  i n  water, (2)  s t o r a g e  i n  an i n e r t  gas ,  (3 )  

s t o r a g e  i n  " i n e r t "  l i q u i d  metal o r  o t h e r  l i q u i d ,  and ( 4 )  s t o r a g e  i n  

sodium. S torage  i n  any of t h e  f i r s t  t h r e e  media i n d i c a t e s  removal 

of e x t e r n a l  sodium. I f  t h e  uncanned f u e l  i s  s t o r e d  i n  water, t h e  

p o s s i b i l i t y  of t h e  r e a c t i o n  of i n t e r n a l  sodium wi th  water e x i s t s .  

W e  do n o t  know, a t  t h i s  t i m e ,  p r e c i s e l y  what t h e  consequence of 

t h i s  a c t i o n  would be.  There are i n d i c a t i o n s  t h a t  t h e  r e a c t i o n  would 

b e  q u i t e  mi ld ,  producing only  a s m a l l  amount of hydrogen. 

concern i n  t h i s  area could b e  contaminat ion of t h e  pool  water and 

cana l  room atmosphere,  a l though t h i s  e v e n t u a l i t y  may n o t  develop wi th  

oxide f u e l s  due to t h e i r  g e n e r a l  i n e r t n e s s .  (Carbide f u e l s ,  on t h e  

o t h e r  hand, would b e  very  r e a c t i v e  wi th  water). S torage  of f u e l  i n  

f l u i d s  o t h e r  than  water imposes a v a r i e t y  of mechanical and ope ra t ing  

problems, and i t ' i s  n o t  clear a t  t h i s  t i m e  which method i s  p r e f e r a b l e .  

The choice  between t h e  s t o r a g e  methods i s ,  then ,  one which can be 

made l o g i c a l l y  only a f t e r  a c a r e f u l  eva lua t ion  of  t h e  va r ious  poss i -  

b i l i t i e s ,  and t h e  e v a l u a t i o n  probably w i l l  r e q u i r e  some experimental  

e f f o r t  t o  g a i n  a d d i t i o n a l  information.  

A major 
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4 . 3  Head-End Processing of LMFBR Fuel  - Task 3 

4 . 3 . 1  In t roduc t ion  

There are s e v e r a l  types  of head-end methods by which spen t  f a s t  

b reeder  r e a c t o r  f u e l  might b e  t r e a t e d  i n  p repa ra t ion  f o r  t h e  subsequent 

aqueous Purex recovery ope ra t ions .  These candida te  processing methods, 

along wi th  a summary of a p p r a i s a l  comments, are presented  i n  Table 4 . 2 .  

I n  g e n e r a l ,  t h e  process ing  methods reviewed f i t  i n t o  one of t h e  

fol lowing ca t egor i e s :  

decladding ( z inc ,  

aqueous decladding (Su l f ex lY2)  , molten metal 
3 4 copper-antimony ) , m e l t  d e ~ l a d d i n g , ~ ’ ~  s imulta-  

neous d i s s o l u t i o n  of c ladding and core  (Darex7 and e l e c t r o l y t i c  8Y9) , 
simultaneous c u t t i n g  of c ladding e l e c t r i c a l l y  and n i t r i c  a c i d  d i s s o l u t i o n  

of core  ( l i x i v i a t i o n  ) ,  and t h e  breaking of  c ladding mechanically fo l -  

lowed by core  d i s s o l u t i o n  i n  n i t r i c  a c i d  (shear- leach ). 

10 

11 

A s tudy  of t h e  va r ious  processes  i n d i c a t e s  t h a t  t h e  a t ta inment  of a 

s a f e  r e a c t i o n  of sodium is  a problem common t o  a l l m e t h o d s .  Cont ro l  of 

t h i s  r e a c t i o n  i n  t h e  Sul fex ,  Darex, and e l e c t r o l y t i c  d i s s o l u t i o n  processes  

is  much more d i f f i c u l t ;  t h e r e f o r e ,  t h e s e  methods are less l i k e l y  t o  b e  

used with LMFBR f u e l .  I n  a d d i t i o n ,  they a l s o  d i s s o l v e  t h e  i n e r t  metal 

Sul fex  is unsui ted  f o r  ca rb ide  1 2  
’ c ladding ,  i n c u r r i n g  a waste pena l ty .  

f u e l s  because uranium is  p r e c i p i t a t e d  and n i t r i d e s  are not  a t t acked  s ig -  

n i f i c a n t l y  by t h e  s u l f u r i c  a c i d  d i s s o l v e n t .  P re sen t ly ,  t h e r e  i s  no 

information on p o s s i b l e  Darex r e a c t i o n s  wi th  ca rb ides  and n i t r i d e s .  

The amount of sodium t h a t  an e l e c t r o l y t i c  d i s s o l u t i o n  process  can 

t o l e r a t e  from a s a f e t y  s t andpo in t  has  no t  been e s t a b l i s h e d .  

appears  t o  be  only a few grams s i n c e ,  i n  t h e  planned processing of H a l l a m  

f u e l ,  t h e  sodium r e s e r v o i r  p o r t i o n  of t h e  f u e l  bundle i s  removed, leav ing  

mainly t h e  t h i n  ( a  few m i l s )  sodium bonding l a y e r .  E l e c t r o l y t i c  d i sso lu-  

t i o n  is  a l s o  a r e l a t i v e l y  slow ope ra t ion ,  and scale-up of u n i t s  t o  a high- 

capac i ty  p l a n t  may n o t  b e  p r a c t i c a l .  There are no s p e c i f i c  d a t a  a v a i l a b l e  

on t h e  e l e c t r o l y t i c  d i s s o l u t i o n  of ca rb ide  and n i t r i d e  f u e l s .  However, i t  

appears  t h a t  t h i s  method could be  used f o r  such f u e l s .  

However, i t  



Table h.2. Candidate Head-End Methods for Processing Spent WEIR Fuel 

Process Process Appraisal MFBR Usage Prospects 

Aqueous Decladding 

&flex: %SO, 
Dissolvent 

J 1 

Molten Metal Decladding 

Copper-Antimony 

Melt Decladding 

High Temperature 
Decladding 

.- - ... .- - 

Simultaneous Dissolution of 
Cladding and Core 

A. Darex: Aqua-Regia 
Dissolvent I I B. E lec t ro ly t ic :  HNO, + Amperes 

Dissolvent I 

1 Simultaneous Cutting of Cladding 
E lec t r i ca l ly  and Dissolution of 
Core 

Elec t ro ly t ic  Elec t ro ly te  + Amperes 1 and + Impinged HNO, 
Lixiviation: Dissolvent 

Breaking of Claddlng Mechanically 
Followed by Core Dissolution 

Shearing and Leaching: HNO, 
Dissolvent 

1.  Proved a t  Eurochemic with spent fue l  
2 .  Dissolved cladding incurs  waste penalty 
3. Loss of plutonium t o  cladding waste 
h. Safe control of sodium reaction d i f f i c u l t  
5. Unsuitable f o r  carbides and n i t r ides  

Highly unlikely now or i n  the fu ture  

A.  Worthy of continued appraisal  A. 1 .  In  an advanced stage of development a t  Argonne 
National Laboratory, but unproved with spent f u e l  

2 .  Separation of cladding melt from core d i f f i c u l t  
3. High r a t i o  of molten metal t o  cladding 
h. Reaction with carbides 2nd n i t r i d e s  unknown 

2. Reaction with carbides and n i t r i d e s  unknown 
E. 1 .  In  early s t a t e  of development a t  Euratom E. Too ear ly  t o  appraise,  but worthy ' 

of continued surveil lance and appraisal  

1 .  I n  a very ear ly  stage of development 
2. Offers chance of eliminating mechanical dismantling 

and shearing operations plus possible vo la t i l e  
f i s s ion  gas removal and destruction of sodium 

3. Effect on oxide, carbide, and n i t r ide  cores unknown 

Too ear ly  t o  assess.  
development and ana lys i s  

Worthy of continued 

A.  1 .  Developed but  unproved with spent fue l  A. Highly unlikely now and i n  the fu ture  
2. 
3. 
h. Safe control of sodium reac t ion  v i r tua l ly  impossible 
5. 

2 .  Safe control of sodium reaction d i f f i c u l t  
3. Incurs cladding waste penalty 
h. Scale-up d i f f i c u l t  
5. 

Dissolved cladding incurs  waste penalty 
Requires exotic materials of construction 

Reaction with carbides and n i t r i d e s  unknown 
E. Good, but needs continued surveil lance 

and ana lys i s  
E. 1 .  Proved a t  Savannah River with spent fuel 

Forms organic compounds with carbides 

1 .  Early stage of development 
2. Unproved with spent fue l  
3. Scale-up d i f f i c u l t  
h. Safe control of sodium reac t ion  d i f f i c u l t  
5.  Does not incur cladding waste penalty 
6. Mechanical handling problems 
7. Forms organic compounds with carbides 

Too ear ly  to assess.  Worthy of continued 
ana lys i s  and appra isa l  a s  method develops 

1 .  Proved i n  commercial reprocessing a t  NFS, Inc. ,  with spent 
LWR fue l s  and eppraisal ,  espec ia l ly  f o r  carbide and 

2. Does not incur cladding waste penalty 
3. Safe control of sodium reaction d i f f i c u l t  
h .  Forms organic compounds with carbides 

Excellent, but needs continued development 

n i t r ide  fue l s  and sodium-logged fue l  



Molten metal decladding methods involve  t h e  handl ing of l a r g e  quant i -  

t i e s  of m e l t  i n  r e l a t i o n  t o  t h e  q u a n t i t y  of c ladding t h a t  i s  d isso lved  o r  

a l loyed .  For example, t h e  molten z i n c  t o  s t a i n l e s s  s tee l  r a t i o  i s  approxi- 

mately 15 t o  1. These comments apply equa l ly  w e l l  t o  t h e  Euratom copper- 

antimony method'' now being developed i n  Belgium, al though the  r a t i o  of 

molten metal t 6  c ladding i n  t h i s  method i s  claimed t o  be much more favor- 

ab le .  No d a t a  are p r e s e n t l y  a v a i l a b l e  f o r  t h e  oxide,  ca rb ide ,  and n i t r i d e  

f u e l s .  

Melt d e ~ l a d d i n g , ~ ' ~  o r  thermal mel t ing  of t h e  cladding,  as a 

backup process  f o r  shear- leach appears  promising i n  some very pre l iminary  

ORNL tests.  A s  development proceeds,  i t  w i l l  cont inue  t o  be analyzed and 

eva lua ted  f o r  ox ide ,  ca rb ide ,  and n i t r i d e  f u e l s .  E l e c t r o l y t i c  cu t t ing- -  

l i x i v i a t i o n , "  along wi th  t h e  shear- leach process ,  i s  now being g iven  

s e r i o u s  cons ide ra t ion  as a replacement f o r  t h e  Sul fex  o r  Z i r f l e x  process  

a t  t h e  Eurochemic process ing  p l a n t  i n  Mol, Belgium. 

between t h e  two methods awaits f u r t h e r  development of t h e  e l e c t r o l y t i c -  

l i x i v i a t i o n  process .  

l i x i v i a t i o n  i n  c o n t r a s t  t o  shear- leach are t h a t :  (1) no hazardous pa r t i cu -  

l a t e  matter i s  produced, (2) longer  p i eces  can be  severed and l i x i v i a t e d  

than can be  sheared and leached (al though t h i s  i s  no t  n e c e s s a r i l y  t r u e ) ,  

(3 )  uranium and plutonium l o s s e s  are less, (4) i t  e l imina te s  cropping 

and dismantl ing o p e r a t i o n s ,  and (5) t h e r e  i s  a p o s s i b i l i t y  t h a t  spen t  

sodium-bonded f u e l  can b e  processed a t  c a r e f u l l y  r egu la t ed ,  s a f e  rates 

by reducing t h e  temperature  of t h e  e l e c t r o l y t e  used i n  t h e  c u t t i n g  and. 

l i x i v i a t i o n  ope ra t ion .  A t  p r e sen t ,  t h e  process  is  no t  s u f f i c i e n t l y  devel- 

oped t o  v a l i d a t e  or. confirm t h e  claims made f o r  i t .  

t h e  process  does n o t  appear t o  b e  one t h a t  can be  e a s i l y  sca l ed  up o t h e r  

than by use of a m u l t i p l i c i t y  of u n i t s .  The development and progress  of 

e l e c t r o l y t i c - l i x i v i a t i o n  w i l l  be  followed and cont inued t o  be analyzed as 

a backup LMFBR head-end method. 

The f i n a l  choice 

The p r i n c i p a l  advantages claimed f o r  e l e c t r o l y t i c -  

I n ' i t s  p re sen t  form, 

Table 4 . 2  and t h e  a n a l y s i s  j u s t  p resented  . i nd ica t e  t h a t  t h e  mechanical 

shear- leach process  i s  t h e  most f u l l y  developed and advanced head-end 

method f o r  t r e a t i n g  LMFBR f u e l  a t  t h e  p re sen t  t i m e .  The development of 
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mechanical process ing  of spen t  nuc lea r  f u e l s  began i n  1954 w i t h  an i n v e s t i -  

g a t i o n  of t h e  mechanical de j acke t ing  of metal l ic  uranium f u e l  s l u g s .  

work and many o t h e r  r e l a t e d  mechanical techniques such as disassembly,  

breaking ,  sawing, and shea r ing  are descr ided  elsewhere.  

shear- leach is  used as a head-end method f o r  process ing  LWR f u e l  a t  Nuclear 

Fuel  Se rv ices ,  Inc . I4  (NFS), which is t h e  only commercial nuc lea r  f u e l  proc- 

e s s ing  p l a n t  i n  t h e  United States. It i s  a l s o  being s t u d i e d  by several 

This 

13 Current ly ,  

o t h e r  companies--the A l l i e d  Chemical Corporation,15 t h e  General  Electr ic  

Company," t h e  A t l a n t i c  R ich f i e ld  Company,17 and t h e  Nat iona l  Lead 

Company'' - -preparatory t o  p o s s i b l e  commercial p rocess ing  of spen t  LWR 

f u e l .  Foreign a p p l i c a t i o n s  of  t h e  shear- leach process  inc lude  those  of 
20 t h e  United Kingdom a t  Windscale,19 t h e  West German Republic a t  Kar l s ruhe ,  

I t a l y  a t  Saluggia,21 France a t  L'Hague 
22 

(sodium-bonded Rapsodle f u e l )  and 

F o n t e n a y - A w - R ~ s e s , ~ ~  and Japan a t  a s i t e  n o t  y e t  named. 

Using t h e  a n a l y s i s  presented  above as a b a s i s ,  a c h a r t  was prepared 

( s e e  Task 3 i n  Fig.  4.1) t o  i l l u s t r a t e  t h e  p r i n c i p a l  head-end processing 

rou te s ,  op t ions ,  and process ing  a l t e r n a t i v e s .  The problems brought about 

by t h e  presence  of sodium o r  o t h e r  coo lan t s ,  and t h e i r  i n f luence  on t h e  

head-end s t e p s  and op t ions ,  are d e a l t  w i t h  s e p a r a t e l y  i n  a la ter  s e c t i o n  

( s e e  Sec t .  4.3.6 and Fig .  4.8).  

As shown i n  Tasks 2-5 [ s e e  Figs .  4 . 1  and 4 . 2 ( a > ] ,  canned o r  uncanned 

f u e l  assemblies  shipped i n  sodium, i n e r t  gas ,  o r  i n e r t  l i q u i d  coo lan t  are 

rece ived  and surge-s tored i n  w a t e r ,  sodium, i n e r t  g a s ,  o r  i n e r t  l i q u i d  

coo lan t s .  The assemblies  (canned o r  uncanned) are withdrawn from s t o r a g e  

as needed and s e n t  t o  t h e  d ismant l ing  ope ra t ion ,  where t h e  ends of t h e  

can ( i n  t h e  case of a canned assembly) and t h e  end hardware of  t h e  f u e l  

(if; the. case of an uncanned assembly),  are removed by a cropping opera t ion .  

The cropped f u e l  assembl ies ,  depending on t h e  op t ions  shown i n  t h e  

d ismant l ing  ope ra t ion  (Fig.  4 .1) ,  can b e  decanned, deshrouded, d i s s e c t e d  

(reduced t o  s i n g l e  f u e l  rods  o r  groups of r o d s ) ,  and then s e n t  t o  t h e  

appropr i a t e  shea r  f eede r .  Options permit  t h e  shea r ing  of f u e l  as s i n g l e  

rods ,  a mul t i rod  a r r a y ,  o r  as t h e  cropped uncanned o r  canned f u e l  

assembly. Single-rod and mul t i rod  s h e a r s  may be  p r e f e r r e d  over  bundle  
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shea r s  because they are s m a l l  and more cheaply maintained,  hea t  d i s s ipa -  

t i o n  i s  s impler ,  and t h e  sheared product  i s  more r e a d i l y  handled down- 

stream. 

space r s ,  g r i d s ,  shroud s e c t i o n s ,  and severed r e f l e c t o r  rods .  

product  c o n s i s t s  only of severed  f u e l  rods  and space r  wires. 

The f i n a l  product  may be  comprised of p i e c e s  of f u e l  rods ,  w i r e  

The s imples t  

The sheared  f u e l  pas ses  through a d i v e r t e r  o r  va lv ing  u n i t ,  which 

r o u t e s  t h e  empty, unfueled gas  plenum s e c t i o n s  and t h e  co re  and b l anke t  

po r t ions  t o  s e p a r a t e  t r a n s f e r  chutes .  A d i v e r t e r  u n i t  does not  ye t  e x i s t ;  

concepts w i l l  have t o  b e  designed,  f a b r i c a t e d ,  and t e s t e d .  Sheared p i eces  

conta in ing  core  and b l anke t  materials are s e n t  t o  a v o l a t i l e  f i s s i o n  prod- 

u c t  gas  removal s t e p  ( s e e  Sec t .  4.4), and t h e  plenum p ieces  a r e  routed  t o  

an empty h u l l  l eache r .  I n  t h e  f i s s i o n  gas  release s t e p ,  sheared f u e l  can 

b e  t r e a t e d  (hea ted ,  ox id ized ,  e t c . )  t o  remove v o l a t i l e  f i s s i o n  product  

gases  and then  b e  s e n t  d i r e c t l y  t o  a d i s s o l v e r ;  a l t e r n a t i v e l y ,  i f  i t  i s  

poss ib l e ,  by p r a c t i c a l  means, t o  s e p a r a t e  t h e  co re  and b lanket  material 

from t h e  h u l l s  and w i r e  space r s  a f t e r  t h e  v o l a t i l e  f i s s i o n  product gases  

have been removed, t h e  powder would b e  s e n t  t o  a d i s s o l v e r  and t h e  separate 

h u l l s  and wire space r s  would b e  routed  t o  a h u l l  l e a c h e r  u n i t .  

Leached h u l l s ,  w i r e  space r s ,  g r i d s ,  shrouds,  etc.,  are r in sed ,  moni- 

t o red ,  and recyc led  t o  t h e  h u l l  l eache r  ( i f  r e s i d u a l  f i s s i l e  and f e r t i l e  

material is  de tec ted)  o r  s e n t  t o  a s t e p  which conver t s  them t o  a minimal- 

volume form t h a t  i s  more s u i t a b l e  f o r  handl ing and waste d i sposa l .  A l l  of 

t h e  process ing  s t e p s  l i s t e d  w i l l  r e q u i r e  development and eva lua t ion .  The 

t reatment  of f u e l  i n  t h e  canned o r  uncanned s ta te  m e r i t s  cons iderable  

developmental e f f o r t  s i n c e  t h e r e  i s  no a v a i l a b l e  r e fe rence  technology. 

disassembly of LMFBR f u e l  appears  t o  b e  much more d i f f i c u l t  than t h a t  of 

LWR f u e l ,  p r imar i ly  because of a c l o s e  f i t t i n g  shroud. 

i n  gene ra l ,  are a l s o  made more complex because of  decay h e a t  emission and 

t h e  long l eng ths  (- 18 f t )  involved. For example, i f  f u e l  rods o r  mul t i rod  

a r r a y s  are processed,  t h e i r  f r a i l  s p a g h e t t i - l i k e  s t r u c t u r e  w i l l  r e q u i r e  t h e  

development of a p p r o p r i a t e  nondes t ruc t ive  handl ing techniques.  

The 

Handling problems, 
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4.3.2 Decay Heat D i s s i p a t i o n  

The decay hea t  emi t t ed  from LMFBR co re  and axial  b l anke t  assemblies  

p re sen t s  problems i n  t h e  head-end handl ing and process ing  s t e p s .  For 

example, i t  restricts t h e  t i m e  a f u e l  assembly, o r  subassemblies ,  can be  

handled wi thou t  a t t a i n i n g  and exceeding a temperature  t h a t  w i l l  s e r i o u s l y  

weaken i t  s t r u c t u r a l l y .  Heat can a l s o  s h o r t e n  t h e  s e r v i c e  l i f e  of proc- 

e s s ing  equipment components and cause excess ive  downtime. Although 

S t r a d e r  and Y e ~ i c k ~ ~  have s t u d i e d  t h e  problem of h e a t  t r a n s f e r  during f a s t  

f u e l  handl ing ,  they have n o t  eva lua ted  t h e  head-end s t e p s  considered 

he re  There are t h r e e  gene ra l  approaches of c o n t r o l l i n g  decay hea t :  

(1) s t o r e  t h e  f u e l  f o r  a s u f f i c i e n t  decay pe r iod  s o  t h a t  t h e  f i s s i o n  

product  h e a t  conten t  is  reduced t o  an  accep tab le  level,  (2)  d i smant le  and 

d i s s e c t  t o  an a r r a y  of t h e  proper  s i z e  t o  g i v e  a t o l e r a b l e  decay h e a t ,  o r  

(3) supply an adequate  amount of a u x i l i a r y  cool ing .  

(adequate  decay time) would incu r  a l a r g e  economic plutonium inventory  

penal ty  i n  a commercial f a s t  b reeder  economy. However, t h i s  pena l ty  w i l l  

n o t  be  an ove r r id ing  cons ide ra t ion  i n  t h e  process ing  of f u e l s  from t h e  

FFTF and e a r l y  demonstrat ion r e a c t o r s .  Thus, h e a t  emission from t h e s e  

f u e l s  can b e  reso lved  very simply by al lowing t h e  f u e l s  t o  decay over  a 

s u f f i c i e n t  per iod  (years )  of . t i m e .  

The f i r s t  approach 

T h e  heat d i s s i p a t i o n  informat ion  g iven  i n  S e c t .  3 . 2  can be  used t o  

eva lua te  t h e  problems of  h e a t  removal from LMFBR f u e l ,  as i l l u s t r a t e d  

i n  F igs .  4.3-4.7. F igure  4.3 shows t h e  c e n t e r  rod temperature  of a 
hexagonal a r r a y  of 217 rods  as a func t ion  of t h e  l i n e a r  power output  of 

t h e  rods and t h e  e m i s s i v i t y  of t h e  rods .  S i m i l a r  c a l c u l a t i o n s  f o r  hex- 

agonal  a r r a y s  of va r ious  s i z e s  could b e  used t o  determine t h e  s i z e  of 

t h e  a r r a y  t h a t  could be  s a f e l y  handled wi thout  exceeding t h e  maximum 

a l lowable  cladding temperature  (Fig.  4 .4) .  The computer code RABBIT 

can b e  used t o  e s t a b l i s h  t h e  l i n e a r  power va lues  f o r  a l l  t h e  LMFBR f u e l s ,  

as g iven  by t h e  example i n  F ig .  4 .5 .  

The de termina t ion  of t h e  s a f e  handl ing time f o r  a p a r t i c u l a r  f u e l  

a r r a y  can be  found from a graph of t h e  form shown i n  F ig .  4 . 6 .  Such a 

graph i s  t h e  most conserva t ive  estimate of t h e  handl ing t i m e  s i n c e  t h e  

c a l c u l a t i o n s  upon which i t  i s  based do n o t  t ake  i n t o  account any hea t  
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d i s s i p a t i o n  from t h e  rods.  More r ea l i s t i c  t i m e  va lues  w i l l  be  obta ined  

by non-steady-state h e a t - t r a n s f e r  c a l c u l a t i o n s .  F i n a l l y ,  t h e  cool ing  

requirements f o r  an a r r a y  could be determined from a p l o t  such as t h a t  

i n  Fig.  4 . 7 ,  which g ives  t h e  maximum cladding temperature  of t h e  c e n t e r  

f u e l  rod i n  t h e  a r r a y  f o r  va r ious  flow rates of  cool ing gas  forced  through 

t h e  assembly. I t  can be seen  from Fig. 4.4  t h a t  f u e l  a r r a y s  conta in ing  

more than 127 rods w i l l  r e q u i r e  forced  cool ing ,  even a f t e r  150 days decay 

( 4 . 3 2  w per  f t  of rod ) ,  i f  t h e  temperature of t h e  c e n t e r  rod i s  n o t  t o  

exceed 1300'F. 

Analyses similar t o  those  i l l u s t r a t e d  h e r e  need t o  be  performed f o r  

t h e  number of rods contained i n  va r ious  a r r a y s  as a func t ion  of i r r a d i a t i o n  

and cool ing t imes of i n t e r e s t ,  and wi th  varying emiss iv i ty ,  t o  supply t h e  

d a t a  needed f o r  t h e  eva lua t ion  of problems during f u e l  handl ing.  The 

d i s s i p a t i o n  of h e a t  w i l l  p r e sen t  a problem i n  a l l  head-end s t e p s ,  b u t  i t  

w i l l  be  most s eve re  i n  t h e  c leaning ,  shea r ing ,  and vo lox id ize r  s t e p s .  

4 . 3 . 3  Dismantling of Mul t i t ubu la r  Assemblies 

The dismantl ing of hexagonal LMFBR f u e l  assemblies  ( 4  t o  6 i n .  ac ross  

f l a t s  and up t o  18 f t  long) and t h e  cropping of t h e  end hardware, along 

wi th  t h e  s l i t t i n g  of t h e  shrouds,  are d e s i r a b l e  t o  r i d  t h e  downstream 

process ing  s t e p s  of massive w a s t e  m e t a l .  In a d d i t i o n ,  i t  may also b e  

d e s i r a b l e  t o  f u r t h e r  disassemble o r  d i s s e c t  a dismantled assembly t o  a i d  

h e a t  d i s s i p a t i o n  dur ing  t h e  shea r ing ,  v o l a t i l e  f i s s i o n  product  gas  release, 

and d i s s o l u t i o n  s t e p s .  

The dismantl ing of m u l t i t u b u l a r  f u e l  assemblies  u sua l ly  involves  one 

o r  a l l  of t h e  fol lowing opera t ions :  (1) decanning, (2 )  removal of end 

hardware, (3 )  displacement of f u e l  rods from a shroud o r  shea th ,  ( 4 )  

removal of f u e l  rods from a system of g r i d s ,  and (5)  c u t t i n g  of metall ic 

s t r i p s  binding subbundles o r  subassemblies.  A s tudy  w a s  made of t h e  FFTF, 

demonstrat ion,  and follow-on r e a c t o r s  t o  determine i f  they could be  disman- 

t l e d  s i m i l a r l y  t o  LWR r e a c t o r  assemblies .  Included w e r e  several cropping 

and s l i t t i n g  methods and a method f o r  d i s s e c t i o n  o r  disassembly,  as fol lows:  

(1) Abrasive Cut t ing  - Wet o r  dry c u t t i n g  i s  app l i cab le .  Wet 

c u t t i n g  i s  about 20% slower.25 Dry c u t t i n g  rates are 
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2 2 normally 10  t o  12 i n .  / m i q a n d  t h e  b l ade  w e a r  i s  1:2 ( 1  i n .  

of b l ade  pe r  2 in .2  of  meta l )  .26 A hold ing  clamp on e i t h e r  

s i d e  of t h e  c u t  i s  r equ i r ed  t o  hold  t h e  work r i g i d  t o  minimize 

wheel breakage. Wet and d ry  wheel speeds are about 8,000 and 

about  15,000 s u r f a c e  f e e t  p e r  minute  (sfpm), r e spec t ive ly .  A t  

an o p t i m i s t i c  c u t t i n g  rate of 10 i n .  /min on i r r a d i a t e d  s teel ,  

a c u t t i n g  t i m e  of about  1.1 min would be  r equ i r ed  t o  crop a 
t y p i c a l  f u e l  r a d i a l l y  through t h e  shea th  and lower end f i t t i n g s ;  

about 2 min would b e  r equ i r ed  t o  s l i t  t h e  144-in.-long shroud. 

The w e t  ab ras ive  d i s k  cropping of LWR f u e l s  has  been used 

r o u t i n e l y  a t  NFS. It could b e  app l i ed  t o  LMFBR f u e l s ,  bu t  a 

u n i t  w i l l  have t o  be  designed and eva lua ted .  

2 

(2) F r i c t i o n  Cut t ing  - A c i r c u l a r  s tee l  b l ade  operated a t  about 

22,000 sfpm c o n t a c t s  t h e  work s u r f a c e ,  genera t ing  h e a t  above 

600°C; 25 t h i s  reduces t h e  t e n s i l e  s t r e n g t h  of  t h e  material, 

a l lowing i t  t o  b e  removed e a s i l y .  

With t h i s  type  of c u t t i n g ,  t h e  LMFBR assembly shea th  would 

deform b e f o r e  enough p r e s s u r e  could b e  developed t o  gene ra t e  

however, t h i s  t h e  h e a t  r equ i r ed  f o r  e f f e c t i v e  c u t t i n g ;  

method could probably b e  developed f o r  removing t h e  massive 

end p i eces .  

27,28 

(3) E l e c t r o l y t i c  Grinding (ELG) - A conduct ive gr inding  wheel and 

an e l e c t r o l y t e  ( sa l t -water )  f lowing between t h e  wheel and t h e  

work s u r f a c e  complete a n  e lec t r ic  c i r c u i t  which removes t h e  

s t o c k  m e t a l  i n  t h e  form of a metall ic hydroxide. 29 

90 to '  95% of t h e  material i s  removed by e lec t rochemica l  a c t i o n  

and 5 t o  10% by a b r a s i v e  a c t i o n ;  t h e r e f o r e ,  wheel wear i s  s l i g h t .  

Approximately 0 .1  i n , 3  of  metal i s  removed p e r  1000 amp p e r  

minute.  A c u r r e n t  d e n s i t y  of about 3000 amp/in.2 can be  

a t t a i n e d .  

t y p i c a l  LMFBR f u e l .  

e l e c t r o l y t i c  g r ind ing  a t t r a c t i v e  f o r  cropping and s l i t t i n g  

ope ra t ions .  

About 

I t  would r e q u i r e  23.5 min t o  s l i t  t h e  shea th  of a 

These slow c u t t i n g  rates do not  make 
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( 4 )  Rol l  Cut t ing - A s p e c i a l  tube c u t t i n g  device  using pipe- 

c u t t e r  wheels t h a t  would perform i n  a manner similar t o  t h a t  

- of convent ional  p ipe  c u t t e r s  could be  adapted t o  seve r ing  

LMFBR shea ths .  However, t h e  proposed h igh  burnup rates of 

t h e  LMFBR f u e l  may nega te  t h e  use of r o l l  c u t t e r s  because of 

t h e  excess ive  hardness  of t h e  i r r a d i a t e d  metal. 

An operable  r o l l  c u t t i n g  t o o l  h a s  been s u c c e s s f u l l y  used i n  

t h e  Idaho EBR-I1 f a c i l i t y  i n  c u t t i n g  hex-sheaths from f u e l s  

of 1ow.burnups. The t o o l  employs spr ing-loaded c u t t e r s  a t  a 

. f o r c e  of 400 l b  i n  o r d e r  t o  fol low t h e  i r r e g u l a r  s u r f a c e .  

Also,  c u t s  are made a t  a r i g i d  c r o s s  s e c t i o n ,  which provides  

support  f o r  t h e  shea th  during c u t t i n g .  30 

Longitudinal  c u t s  on t h e  shea th  wi th  n i b b l e r s  and t h e  r o l l -  

c u t t e r  combination would b e  d i f f i c u l t  on hardened metal; a l s o ,  

t h e  LMFBR shrouds do n o t  appear  t o  have a r i g i d  c r o s s  s e c t i o n  

and would tend t o  deform r a t h e r  than  b e  cu t .  

(5) Other Dismantling Methods - Addi t iona l  d i smant l ing  methods t h a t  

have been considered inc lude :  (1) l i x i v i a t i o n ,  ( 2 )  s l i t t i n g ,  

(3)  t o rch  c u t t i n g ,  and ( 4 )  t h e  d r i l l i n g  ou t  of spot-welds,  i f  

app l i cab le .  None of t h e s e  methods appear as a t t r a c t i v e  as 

ab ras ive  c u t t i n g  o r  some o t h e r  similar techniques .  To summarize, 

ab ras ive  d i s k  c u t t i n g ,  which i s  c u r r e n t l y  being used t o  crop LWR 

f u e l s  a t  NFS, appears  t o  b e  t h e  most a t t r a c t i v e  method f o r  

d i smant l ing  LMFBR f u e l  a t  t h i s  t i m e .  However, o t h e r  s i m p l e r ,  

less messy ( i . e . ,  involv ing  smaller volumes of metal ch ips ,  

a b r a s i v e  d u s t ,  coo lan t s )  methods are d e s i r e d .  One s e r i o u s  draw- 

back of applying a b r a s i v e  d i s k  c u t t i n g  o r  any o t h e r  method t o  

LMFBR shroud removal i s  t h a t  i t  w i l l  n o t  be  p o s s i b l e  t o  cu t  

completely through t h e  shroud owing t o  t h e  danger of f r a c t u r i n g  

f u e l  rods .  I n  t h i s  r e s p e c t ,  t h e  deshrouding of LWR f u e l  i s  

much easier and less complex. The deshrouding and t h e  disman- 

t l i n g  of LMFBR f u e l s  are  problems of s i g n i f i c a n t  magnitude t h a t  

r e q u i r e  ex tens ive  des ign  and equipment i n v e s t i g a t i o n .  There i s  

no doubt t h a t  t h e  head-end handl ing of f a s t  b reede r  f u e l  could b e  



77 

s i m p l i f i e d  cons iderably  i f  t h e  f u e l  rods could be.pushed o r  with- 

drawn from t h e  shea th .  

Some pre l iminary  work has  been accomplished using a plasma-arc 

t o  deshroud s h o r t  p ro to type  s e c t i o n s  of LMFBR f u e i .  The process  

is  q u i t e  promising bu t  needs a d d i t i o n a l  i n v e s t i g a t i o n  and evalu- 

a t i o n .  

4 . 3 . 4  Shearing 

The shea r ing  requirements  f o r  LMFBR f u e l s  appear t o  be  b a s i c a l l y  

similar t o  those  f o r  LWR f u e l .  However, LMFBR f u e l  may p resen t  two addi- 

t i o n a l  requirements:  

of sodium, and simultaneous shear ing  of broken o r  i n t a c t  f u e l  along wi th  

t h e  can surrounding i t .  P r e s e n t l y ,  t h e r e  is no e x i s t i n g  technology f o r  t h e  

shear ing  of canned f u e l  o r  assemblies  o r  subassemblies i n  t h e  presence of 

sodium o r  o t h e r  coolan ts .  This  is  an area t h a t  w i l l  r e q u i r e  s u b s t a n t i a l  

development and eva lua t ion .  

NFS, using Yankee Atomic and Dresden LWR f u e l s .  However, t h e  shear ing  of 

high-burnup, short-cooled LMFBR f u e l s  p r e s e n t s  problems n o t  normally en- 

countered wi th  LWR f u e l .  Some of t hese  problems are (1) high rates of 

decay hea t  gene ra t ion ,  ( 2 )  f i s s i o n  gas  release, (3) product ion and contain-  

ment of very f i n e  co re  and c l ad  p a r t i c u l a t e s ,  and ( 4 )  t h e  presence of 

l i q u i d  metal coolan ts .  A t  t h i s  t i m e ,  i t  appears  d e s i r a b l e  t o  have t h e  

c a p a b i l i t y  of shear ing  canned LMFBR a s s e m b l i e s ,  uncanned assemblies ,  sub- 

assemblies  o r  groupings of f u e l  rods ,  and s i n g l e  f u e l  rods.  Applicable  

techniques and equipment components w i l l  have t o  be  developed and evalu- 

a t ed .  I n  o rde r  t o  do this, an ex tens ive  research  and development program 

w i l l  be r equ i r ed  t o  determine t h e  b e s t  b lade  shape f o r  t h e  moving and 

f i x e d  b l ades ,  type  and number of gags,  gag f o r c e s  r equ i r ed  t o  success fu l ly  

compress t h e  shroud,  and methods f o r  r e s t r a i n i n g  and feeding t h e  te rmina l  

end of t h e  f u e l  assembly. 

t h e  shea r ing  of i n t a c t  o r  broken f u e l  i n  t h e  presence 

Shearing has  been s u c c e s s f u l l y  demonstrated a t  

An a n a l y s i s  of mechanical shear ing  techniques and t h e i r  r e l a t i o n s h i p  

t o  LMFBR f u e l ,  as p r e s e n t l y  developed, fol lows.  

Assemblies and Subassemblies. - The shear ing  of u n i r r a d i a t e d  f u e l  

bundles f a b r i c a t e d  w i t h  brazed f e r r u l e s  (3-5/8 i n .  x 3-518 i n .  - Nuclear 
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Ship Savannah), c rossed  w i r e  g r i d s  (4-1/4 i n .  x 4-1/4 i n .  - Dresden Type 

IV), o r  leaf -spr ing  g r i d s  (<  - 10 i n .  x 10 i n .  - Westinghouse type)  as a 

means of f u e l  rod r e t e n t i o n  and spacing has  been s a t i s f a c t o r i l y  demon- 

s t r a t e d  a t  OWL. When assemblies  f a b r i c a t e d  wi th  brazed f e r r u l e s  o r  

c rossed  w i r e  g r i d s  are sheared ,  d i s c r e t e  and s e p a r a t e  p i e c e s  of  t h e  f u e l  

rods are produced. I n  t h e  case of f u e l  f a b r i c a t e d  wi th  g r i d s ,  chunks con- 

s i s t i n g  of sheared  tub ing  and g r i d  are produced a t  t h e  g r i d  s e c t i o n s ;  t h e s e  

chunks are d i f f i c u l t  t o  t r a n s f e r  and handle .  

The advantages of shear ing  an  assembly o r  subassembly are: 

1. A l a r g e  q u a n t i t y  of sheared  f u e l  can be  genera ted  using 

r e l a t i v e l y  slow-moving equipment. 

2 .  Minimal c o s t l y  disassembly i s  r equ i r ed .  

There are a l s o  s e v e r a l  disadvantages:  

1. A l a r g e  shea r  c o s t s  about  $250,000. 

2. Clamps o r  gags ,  which complicate  s h e a r  des ign ,  ope ra t ion ,  and 

remote maintenance, are requi red .  

3. I n t e r m i t t e n t  shea r ing  i s  u s u a l l y  r equ i r ed ,  r e s u l t i n g  i n  a longer  

r e s idence  t i m e  f o r  t h e  f u e l  i n  t h e  s h e a r  magazine. This  f u r t h e r  

complicates  h e a t  d i s s i p a t i o n  problems. 

4. Contro l  of sheared ba tch  s i z e  i s  made m o r e  d i f f i c u l t .  

5. V o l a t i l e  f i s s i o n  products  are r e l e a s e d  r a p i d l y  and i n  r e l a t i v e l y  

l a r g e  volumes. 

6. Maintenance problems are more complex as t h e  s i z e  of t h e  shea r  

i n c r e a s e s .  

The l eng th  of t h e  t e rmina l  sheared  p i e c e  usua l ly  ranges between 

1-1/2 and 3 i n .  

t o t a l  t i m e  r equ i r ed  f o r  d i s s o l u t i o n .  

7. 

The l eng th  of  t hese  t e rmina l  p i eces  s e t  t h e  

Mul t i t ubu la r  Array. - The General  Electric Company proposes t o  with- 

draw f u e l  rods  from an  assembly and use t h e  approach of shea r ing  an a r r a y  

of f u e l  rods r a t h e r  t han  an assembly i n  t h e i r  p l a n t  a t  Morr is ,  I l l i n o i s .  

A s a t i s f a c t o r i l y  demonstrated mul t i rod  s h e a r  does no t  now e x i s t ;  thus ,  

development and eva lua t ion  programs w i l l  b e  r equ i r ed  t o  produce a u n i t  t h a t  

w i l l  be  u s e f u l  f o r  LMFBR f u e l .  This  method is  a t t rac t ive  f o r  LMFBR f u e l ,  
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pr imar i ly  because of t h e  h e a t  emission problem. However, t h e  technique 

w i l l  probably n o t  b e  u s e f u l  f o r  f u e l s  assembled wi th  g r i d s .  

rod o r  s ingle-rod shea r ing  has  been demonstrated i n  a few experiments.  

As many as 90 p o r c e l a i n - f i l l e d ,  s t a i n l e s s - s t e e l - c l a d  loose  Consol idated 

Edison Core B type  rods  (approximately 0.300 i n .  OD) have been s u c c e s s f u l l y  

sheared using t h e  250-ton ORNL p ro to type  s h e a r ,  and 25 p o r c e l a i n - f i l l e d  

loose  General E l e c t r i c  reference-type rods (0.25 i n  OD) have been success-  

f u l l y  sheared us ing  t h e  small pro to type  f a s t -b reede r  shea r  without  t h e  use 

of a clamp ( o r  gagging) .  A t  t h i s  t i m e ,  i t  appears  t h a t  t h e r e  are no major 

problems connected wi th  shea r ing  an  a r r a y  of rods;  however, t h e r e  is  a 

m a x i m u m  number of  l oose  rods (no t  y e t  es tab l i s ,hed)  t h a t  can be  satis- 

f a c t o r i l y  sheared  wi thout  clamping t h e  p i eces  i n  p o s i t i o n  during t h e  t i m e  

t h a t  t h e  c u t  is  being made. 

A t  ORNL, mult i -  

Some advantages of mul t i rod  shea r ing  are: 

1. The sheared  product  i s  f r e e  of g r i d s  and o t h e r  hardware. . How- 

eve r  g r i d s  may b e  p r e s e n t  i n  subassemblies and thus  nega te  t h i s  

advantage.  

2.  Good c o n t r o l  of ba tch  s i z e  i s  poss ib l e .  

3.  Heat d i s s i p a t i o n  problems can b e  minimized by s e l e c t i n g  an 

a r r a y  of  t h e  appropr i a t e  s i z e .  

4. The amount of f i s s i o n  g a s  and sodium r e l e a s e d  p e r  c u t  can be 

c o n t r o l l e d  and minimized by l i m i t i n g  t h e  number of f u e l  rods 

sheared.  

5. Shear s i z e  and c o s t  are reduced t o  a minimum. 

6. The small s i z e  of t h e  shea r  f a c i l i t a t e s  remote maintenance proce- 

dures  and al lows easy i n t e r c h a n g e a b i l i t y .  

Some disadvantages are: 

1. I n d i v i d u a l  f u e l  rods wi th  f r a g i l e  s p a g h e t t i - l i k e  p r o p e r t i e s  

must be  handled,  assembled i n  an a r r a y ,  and placed i n  a shea r  

magazine. 

2. Each f u e l  assembly must b e  dismantled and f u r t h e r  d i s s e c t e d  

i n t o  i n d i v i d u a l  f u e l  rods.  
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Single-Rod Shear.  - I f  LMFBR f u e l  could b e  processed as s i n g l e  f u e l  

rods ,  t h e  problems of  h e a t  d i s s i p a t i o n  and t h e  c o l l e c t i o n  and d e s t r u c t i o n  

of l i q u i d  metal coo lan t  would b e  a l l e v i a t e d  somewhat. The development of 

equipment t o  shea r  s i n g l e  rods  has  n o t  progressed t o  t h e  p o i n t  t h a t  a u n i t  

i s  now being used on spen t  f u e l  i n  t h e  United States. 

begun on a s ingle- rod  shea r  a t  Knolls  Atomic Power L a b ~ r a t o r y , ~ ~  b u t  i t  

w a s  never  completed. 

a t  L'Hague, and t h e  Germans are developing one f o r  t h e i r  p i l o t  p l a n t  near  

Karlsruhe.  

I n  1957, work w a s  

The French use  a s ingle- rod  shea r  i n  a s m a l l  p l a n t  

A s ing le- rod  s h e a r  could b e  used f o r  LMFBR f u e l .  The advantages and 

disadvantages are similar t o  those  f o r  t h e  mul t i rod  a r r a y  shea r .  A 

concept iona l  scoping type  des ign  t h a t  employs r o t a r y  b l ades  i s  p r e s e n t l y  

being prepared.  

ess up t o  5 metric tons  of f u e l  p e r  day; t h i s  amount of f u e l  would b e  

equ iva len t  t o  13,736 co re  and a x i a l  f u e l  rods of t h e  proposed Atomics 

I n t e r n a t i o n a l  Reference Oxide f u e l .  

t h e  feeding of about f i v e  f u e l  tubes  t o  each s h e a r  p e r  minute and would 

e n t a i l  an almost foolproof  r a p i d  feed  mechanism. Considerable  research  

and development work w i l l  be  r equ i r ed  i n  o r d e r  t o  produce a s ingle- rod  

shea r  w i t h  a demonstrated p r a c t i c a l  feed  and shea r  mechanism. 

Two r o t a r y  shea r  b l ades  ope ra t ing  a t  682 rpm could proc- 

Such a f u e l  throughput would r e q u i r e  

4.3.5 I s o l a t i o n  of  t h e  Shearing Operat ion 

When spen t  nuc lea r  f u e l  i s  sheared ,  i o d i n e ,  noble  gases ,  and tritium 

escape from t h e  severed  gas  plenums and from t h e  sheared  f a c e s  of  t h e  

core  and b l anke t .  I n  add i t ion ,  very f i n e ,  e a s i l y  suspended p a r t i c l e s  of 

core  and b l anke t  material are produced. 

t hese  overhead products  from t h e  shear ing  o p e r a t i o n  i n  minimal volumes of  

purge gas  are important  from t h e  s t andpo in t  of cos t .  I f  l a r g e  volumes of 

gas  ( a i r ,  argon,  N2, C02) are permi t ted  t o  l e a k  i n t o  t h e  s h e a r ,  t h e  r e s u l t -  

a n t  off-gas  t rea tment  system w i l l  b e  very  l a r g e  and extremely expensive.  

Fu r the r ,  i t  w i l l  b e  necessary  t o  i s o l a t e  t h e  shea r  from t h e  noncompatible 

atmosphere e x i s t i n g  i n  subsequent head-end ope ra t ions  such as voloxida t ion ,  

d i s s o l u t i o n ,  e t c .  Thus, an important  phase of t h e  shea r  development program 

involves  t h e  development of seals, va lves ,  c l o s u r e s ,  and ope ra t ing  tech- 

niques t h a t  w i l l  permit  c l o s e  c o n t r o l  over  t h e  in leakage  of gas  and t h e  

The c o n t r o l  and c o l l e c t i o n  of 
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p a r t i c u l a t e  materials evolved. A t  t h i s  t i m e ,  d a t a  app l i cab le  t o  t h i s  

s i t u a t i o n  are meager, i f  a v a i l a b l e  a t  a l l .  

Mechanical seals  and l i q u i d  seals  need t o  be  developed and eva lua ted  

f o r  t h i s  purpose. A s u c c e s s f u l  seal  must provide  an e f f e c t i v e  b a r r i e r  

between t h e  c e l l  atmosphere and t h e  shear ing  atmosphere ( i n e r t  gas ,  sodium, 

e t c . )  during semicontinuous o r  cont inuous opera t ion .  Appropriate  l e a k t i g h t  

feed  magazines €o r  t h e  va r ious  forms of f u e l  t o  b e  sheared w i l l  a l s o  have 

t o  b e  developed as p a r t  of  t h e  c l o s u r e  problem. 

4.3.6 Sodium Handling and Removal 

One of t h e  o b j e c t i v e s  of head-end process ing  i s  t o  prepare t h e  f u e l  

assembly f o r  t h e  n i t r i c  a c i d  d i s s o l u t i o n  s t e p .  

OWL and o t h e r  s i tes  has  shown t h a t  even small  amounts of m e t a l l i c  sodium 

Since  previous work a t  

r e a c t  exp los ive ly  wi th  h o t  n i t r i c  ac id ,32y33  s a f e t y  requirements d i c t a t e  

t h a t  a l l  of t h e  sodium be  e i t h e r  removed o r ' d e a c t i v a t e d  p r i o r  t o  t h e  

d i s s o l u t i o n  s t e p .  Sodium can be  in t roduced  i n t o  t h e  head-end s t e p  of 

t h e  LMFBR aqueous reprocess ing  f lowsheet  i n  four  ways:  

(1) as t h e  h e a t - t r a n s f e r  medium i n s i d e  t h e  shipping cans,  i f  i t  

i s  r equ i r ed ,  

(2 )  as r e s i d u a l  sodium t h a t  i s  p resen t  on t h e  e x t e r n a l  s u r f a c e s  of 

f u e l  assemblies  (and sh ipping  cans) a f t e r  they a r e  removed 

from a sodium environment, 

( 3 )  as the h e a t - t r a n s f e r  bonding medium i n s i d e  i n d i v i d u a l  f u e l  

rods ,  and 

(4) as sodium-logged f u e l  rods (broken, rup tu red ,  o r  vented) .  

Gross amounts of  sodium used as t h e  h e a t - t r a n s f e r  medium i n  shipping 

cans would probably be  recyc led  back t o  t h e  canning s t e p  i n s t e a d  of being 

deac t iva t ed  and s e n t  t o  waste. I f  t h e  sodium i s  no t  recyc led ,  a method of 

deac t iva t ing  g ross  amounts of t h i s  material w i l l  have t o  be e s t a b l i s h e d  

and evaluated.  Very l i t t l e  informat ion  has  been publ ished about t h e  

amounts of sodium en t r a ined  wi th  t h e  f u e l  assembly. when i t  is removed 

from a sodium pool.  

s t a i n l e s s  steels by sodium as a func t ion  of oxygen conten t  and tempera- 

t u r e  of t he  sodium. 34-36 Estimated q u a n t i t i e s  of sodium en t r a ined  on 

B r i t i s h  workers have r epor t ed  on t h e  wet t ing  of 



82 

EBR-I1 f u e l  range from 30 t o  60 g (9 t o  18 mg/in.2);37 however, most of 

i t  i s  evaporated o r  blown o f f  by a stream of ho t  argon p r i o r  t o  t h e  steam 

d e a c t i v a t i o n  s t e p .  S i m i l a r  d a t a  f o r  Fermi r e a c t o r  f u e l  range up t o  

approximately 125 g p e r  assembly (25 mg/in. ). Some d a t a  on t h e  amount 

of sodium adhering t o  a wet ted s t a i n l e s s  s t ee l  s u r f a c e  (- 10 mg/in. ) were 

obtained as p a r t  of t h e  SEFOR r e a c t o r  sodium vapor c o n t r o l  tests. 39 

ob ta ined  by Van Dievoet -- e t  al.40 show t h e  weight of e n t r a i n e d  sodium on 

a s i n g l e  rod as a f u n c t i o n  of sodium temperature  (13 mg/in.2 a t  200°C). 

These tests provide some i n d i c a t i o n  of t h e  amount of sodium w e  can expect 

t o  be e n t r a i n e d  on t h e  e x t e r n a l  s u r f a c e s  of f u e l  assemblies .  L i t t l e  i n f o r -  

mation i s  a v a i l a b l e  concerning t h e  s i z e  and n a t u r e  of LMFBR f u e l  rod 

f a i l u r e s  and t h e  e x t e n t  of t he  sodium logging t h a t  may occur i n  f a i l e d  

rods.  Accurate information concerning t h e  amount of sodium a s s o c i a t e d  

wi th  an LMFBR f u e l  assembly r e g a r d l e s s  of i t s  l o c a t i o n  ( i n t e r n a l  o r  

e x t e r n a l )  must be obtained b e f o r e  meaningful sodium d e a c t i v a t i o n  proce- 

dures  can be developed. Unfortunately,  t h e r e  i s  appa ren t ly  no s i n g l e  

ope ra t ion  ( inc lud ing  vo lox ida t ion )  i n  t h e  head-end s t e p s  where a l l  of 

t h e  sodium can be d e a c t i v a t e d  and removed. Consequently, both t h e  

d e a c t i v a t i o n  methods and t h e  amount of sodium p r e s e n t  have t o  be evalu- 

a t e d  f o r  each ope ra t ion .  This would inc lude  a de te rmina t ion  of t h e  

amount of sodium vapor t h a t  is  t o l e r a b l e  i n  h o t - c e l l  o p e r a t i o n s ,  espe- 

c i a l l y  wi th  r e s p e c t  t o  equipment ope ra t ion .  Such information is  

p r e s e n t l y  nonex i s t en t  and w i l l  have t o  be developed and evaluated.  

However, w e  do no t  propose t o  d u p l i c a t e  t h e  work of .others i n  t h e  

sodium handl ing f i e l d  (e.g. ,  t h a t  planned a t  PNL o r  a t  t h e  HFEF i n  

r e l a t i o n s h i p  t o  t h e  c l ean ing ,  handl ing,  and examination of FFTF f u e l ) .  

I n  a d d i t i o n ,  t h e  Liquid Metals Engineering Center w i l l  b e  a very va luab le  

38 

2 

2 

Data 

source  of c o n s t a n t l y  updated information on sodium. 

placed only on t h e  problem areas t h a t  are unique and r e s t r i c t i v e  t o  the  

head-end processing s t e p s  and handl ing ope ra t ions .  The PNL program and 

o t h e r  similar ope ra t ions  w i l l  be  kept  under s u r v e i l l a n c e  s o  t h a t ,  as 

u s e f u l  information i s  developed, i t  can be a p p r o p r i a t e l y  app l i ed  t o  our  

problems. 

Emphasis w i l l  b e  
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A survey  of t h e  chemistry of  ~ o d i u m ~ ’ - ~ ~  and of p a s t  and p resen t  

c leaning  p r a c t i c e s  sugges t s  s e v e r a l  mechanisms f o r  t h e  d e a c t i v a t i o n  and 

removal of  sodium. These mechanisms are d iscussed  below. 

Phys ica l  Cleaning Methods: Mechanical Methods: - The conf igu ra t ion  of 

t h e  f u e l  assemblies  prec ludes  t h e  phys ica l  removal of  sodium by mechanical 

wiping, brushing ,  e tc .  The amount of sodium a t t ached  t o  the  s u r f a c e s  of 

t h e  assemblies  can b e  reduced by e i t h e r  d i s lodging  i t  wi th  a h igh-ve loc i ty  

i n e r t  g a s  stream o r  f lu sh ing  i t  o f f  wi th  a h igh-ve loc i ty  i n e r t  l i q u i d  

stream. 

an u l t r a s o n i c  t e ~ h n i q u e . ~ ’  

b e  a f f e c t e d .  These methods are s imple,  do n o t  consume reagen t s ,  do no t  

r equ i r e  e l a b o r a t e ,  expensive c leaning  v e s s e l s ,  and, i n  a d d i t i o n ,  provide 

a means of removing f i s s i o n  product  decay h e a t .  Whether t he  amount of  

sodium p resen t  can b e  reduced t o  a level such t h a t  t h e  l o c a t i o n  o r  t h e  

i n t e n s i t y  of any r e a c t i o n  which might occur  during subsequent ope ra t ions  

does not  p re sen t  a hazard is  open t o  ques t ion .  Fu r the r  s t u d i e s  are 

needed t o  a s c e r t a i n  t h e  use fu lness  of  mechanical c leaning  methods i n  a 

high-capacity process ing  p l a n t .  

The e f f i c i e n c y  of each method would probably b e  increased  by using 

Sodium i n s i d e  a damaged f u e l  rod would n o t  

Phys ica l  Cleaning Methods: D i s t i l l a t i o n  Methods. - - Removal of 

sodium by d i s t i l l a t i o n  i n  an  i n e r t  gas  o r  vacuum is  an a t t r a c t i v e  c leaning  

method when t h e  vapor p re s su re  of sodium is  g r e a t e r  than 0.01 a t m .  

ever, long cyc le  times, h igh  temperatures  (bp of sodium: 882.9OC a t  l 

a t m ;  68OOC a t  0.1054 a t m ;  533OC a t  0.0104 a t m ) ,  and l a r g e ,  complicated 

p i eces  of equipment are requi red .  Vacuum d i s t i l l a t i o n  i s  probably t h e  

only method which w i l l  remove sodium from i n s i d e  a ruptured ,  broken, o r  

vented f u e l  rod. 

How- 

Chemical Deac t iva t ion  Methods. - There are many p o t e n t i a l  agents  f o r  

deac t iva t ing  sodium, b u t  only a few meet t h e  fol lowing cr i ter ia  f o r  a 

p r a c t i c a l  reagent :  

(1) The reagent  should b e  inexpensive,  e a s i l y  handled, and 

noncorrosive.  

(2 )  Its  r e a c t i o n  rate w i t h  sodium must b e  e a s i l y  con t ro l l ed .  

( 3 )  It  should n o t  produce equa l ly  r e a c t i v e  (wi th  water)  r e a c t i o n  

products .  



These c r i t e r i a  e l i m i n a t e  compounds such as t h e  halogens,  hydrogen h a l i d e s ,  

m e t a l l i c  and organic  h a l i d e s ,  oxygen, hydrogen, ammonia, and many more. 

Sodium may b e  removed by amalgamation wi th  a low-melting metal o r  

The formation of an  amalgam o f f e r s  t h e  advantages of  e f f e c t i v e  a l l o y .  

removal of f i s s i o n  product decay h e a t  and a compatible t r a n s i t i o n  t o  an 

aqueous processing s t e p .  Mercury and l ead  are two candida te  metals. 

Regardless  of t h e  m e t a l  used, i t  w i l l  even tua l ly  have t o  be  e a s i l y  and 

inexpens ive ly  sepa ra t ed  from t h e  sodium and recyc led  i n  t h e  process .  

t h e  pas t , such  processes  ( l ead )  have been used by t h e  B r i t i s h ,  bu t  never  

a t  product ion rates s u f f i c i e n t l y  high f o r  commercial processing p l an t s .  

Curren t ly ,  however, t h e  B r i t i s h  simply a l low t h e  sodium t o  ox id ize  during 

s t o r a g e  over  a per iod  of s e v e r a l  yea r s .  

I n  

The g e n e r a l  r e a c t i o n  between a l coho l s  and sodium is: 

ROH + Na + RONa + 1 / 2  H2+ AH298 = -48 .1  kcal/mole 

The r e a c t i v i t y  of sodium wi th  a l coho l s  decreases  i n  o rde r  from p r i m a r y  t o  

secondary t o  t e r t ia ry ,  and as t h e  number of carbon atoms i n  t h e  a l coho l  

i n c r e a s e s .  The rate of r e a c t i o n  can be  c o n t r o l l e d  e i t h e r  by r egu la t ing  t h e  

concen t r a t ion  of a l coho l  i n  an i n e r t  so lven t  o r  by choosing a less r e a c t i v e  

a l coho l .  The sodium a l c o h o l a t e  produced could be  hydrolyzed wi th  water and 

s t r i p p e d  from t h e  s o l v e n t ,  which could t hen  b e  d r i e d  and recyc led .  Some of 

t h e  problems involved i n  us ing  a l coho l  are: 

(1) A so lven t  which does n o t  degrade r a p i d l y  when exposed t o  both 

high r a d i a t i o n  and h e a t  f l u x e s  w i l l  have t o  be  found. 

( 2 )  The e f f e c t  of 

t o  be minimal 

assembly i n  a 

(3) A f i r e  hazard 

l a r g e  amounts 

t h e  r e a c t i o n .  

t h e  so lven t  on downstream process ing  w i l l  have 

o r  i t  too  w i l l  have t o  b e  cleaned from t h e  f u e l  

second s t e p .  

e x i s t s  wi th  t h i s  method due t o  t h e  presence of 

of a l coho l s  p l u s  t h e  hydrogen produced dur ing  

( 4 )  The waste problem w i l l  be complicated by t h e  presence of organics  

( a l coho l  p l u s  so lven t )  i n  t h e  aqueous NaOH waste stream. 



Although t h e  b a s i c  water - l iqu id  sodium r e a c t i o n  ( see  below) i s  

v i o l e n t ,  i t  can be  c o n t r o l l e d  by meter ing steam i n t o  t h e  i n e r t  gas  atmos- 

phere i n s i d e  t h e  c leaning  v e s s e l .  

Na(ll) + H20(g) + NaOH + 1 / 2  H2+ AH298 = -45.7 kcal/mole 

A water wash a f t e r  t h e  r e a c t i o n  i s  complete w i l l  remove r e s i d u a l  NaOH. 

Based on work a t  ORNL, water o r  steam i n  c a r e f u l l y  con t ro l l ed  q u a n t i t i e s  

w i l l  probably n o t  react exp los ive ly  wi th  ca rb ide  o r  n i t r i d e  f u e l s .  

Some problems involved i n  t h e  steam cleaning  method are: 

51,52 

(1) Large amounts of bo th  fission-product-decay h e a t  and r e a c t i o n  

hea t  w i l l  have t o  b e  removed from t h e  c leaning  vessel..  

(2)  Large amounts of hydrogen w i l l  have t o  be  c o l l e c t e d  and disposed 

of s a f e l y  . 
Steam c l ean ing ,  which i s  t h e  method used f o r  c leaning  EBR-I1 and 

Fermi f u e l s ,  has  been ex tens ive ly  i n v e s t i g a t e d  by Atomics I n t e r n a t i o n a l .  53 

However, s t u d i e s  of t h i s  method w i l l  need t o  be extended and acce le ra t ed .  

This  i s  one of t h e  problem areas which w i l l  be i n v e s t i g a t e d  a t  PNL; t h e  

d a t a  obtained should b e  of importance t o  our program. 

Problems i n  Candidate Mechanical Head-End Steps  and A l t e r n a t i v e  

Processes  due t o  t h e  Presence of Sodium. - The problems encountered i n  t h e  

p r i n c i p a l  candida te  head-end process ing  s t e p s  due t o  t h e  presence of 

sodium are presented  i n  F ig .  4.8. A b r i e f  d i scuss ion  fol lows:  

Cropping (Removal of End-Hardware from a Fuel  Assembly). - Uncanned 

f u e l  s t o r e d  i n  water does n o t  pose a sodium problem i n  t h i s  s t e p .  

Fue l  s t o r e d  i n  an i n e r t  gas  o r  i n e r t  l i q u i d  may con ta in  r e s i d u a l  

sodium on e x t e r n a l  s u r f a c e s  and i n t e r n a l  sodium i n  broken o r  vented 

rods .  

of t h e  s e v e r a l  d e a c t i v a t i o n  and d i s p o s a l  methods d iscussed  previous ly .  

However, s i n c e  complete removal of t h e  i n t e r n a l  sodium cannot e a s i l y  

be done i n  a s h o r t  per iod  of t i m e ,  t h e  b e s t  approach may be  t o  perform 

t h e  cropping i n  an i n e r t  environment ( l i q u i d  o r  gas)  and then send t h e  

sodium-contaminated, cropped f u e l  assembly t o  t h e  next  s t e p .  

Residual  sodium on e x t e r n a l  s u r f a c e s  can be  removed by any one 
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Canned f u e l  assemblies  have t h e  added problem of bulk  sodium (used 

as a h e a t - t r a n s f e r  medium) i n  t h e  cans,  n e c e s s i t a t i n g  an i n e r t  

environment f o r  t h e  cropping s t e p .  

decanted,  c o l l e c t e d ,  and e i t h e r  (1) deac t iva t ed  t o  y i e l d  l a r g e  amounts 

of aqueous NaOH w a s t e  and hydrogen o r  (2)  recyc led  and reclaimed as 

metall ic sodium. Res idua l  sodium on t h e  s u r f a c e  of t he  severed  end 

hardware and on t h e  ends of t h e  can w i l l  have t o  b e  deac t iva t ed  and 

removed be fo re  t h e s e  metall ic p i eces  can be disposed of as s o l i d  

waste. 

The bulk  sodium w i l l  have t o  be  

Decanning, Shroud Removal, D i s sec t ion ,  S i n g u l a r i z a t i o n ,  etc. - Sodium 

can be  p r e s e n t  i n  t h e s e  ope ra t ions  as r e s i d u a l  sodium on e x t e r n a l  

s u r f a c e s  and/or  i n t e r n a l  sodium i n  broken, vented,  o r  sodium-bonded 

f u e l  rods.  Fuel  assemblies  can b e  cleaned be fo re  o r  a f t e r  t h e s e  

ope ra t ions ,  a l though guarantee ing  t h a t  a l l  of t b e  i n t e r n a l  sodium 

i n  broken and vented f u e l  rods  has  been deac t iva t ed  i s  extremely 

d i f f i c u l t .  

i n e r t  environment, sending t h e  sodium-contaminated p i eces  t o  t h e  

shear ing  s t e p .  This is  p a r t i c u l a r l y  a t t r a c t i v e  when sodium-bonded 

f u e l  rods are p resen t .  I n  any case, t h e  r e s i d u a l  sodium adhering t o  

the  s u r f a c e s  of t h e  d iscarded  cans,  shea ths ,  e tc .  w i l l  have t o  be  

deac t iva t ed  and removed p r i o r  t o  t h e  s o l i d  waste d i s p o s a l  s t e p .  

The o t h e r  op t ion  i s  t o  perform t h e s e  opera t ions  i n  an 

Shearing. - Sodium may e n t e r  t h e  shea r  e i t h e r  as r e s i d u a l  sodium on 

e x t e r n a l  s u r f a c e s  o r  as i n t e r n a l  sodium i n  broken, vented,  o r  sodium- 

bonded f u e l  rods .  I t  may l eave  e i t h e r  (1) as s m a l l  drops en t r a ined  

i n  t h e  shea r  off-gas  stream o r  (2 )  with  t h e  chopped p ieces .  While 

t h e  amount of sodium e n t r a i n e d  i n  t h e  shea r  off-gas  stream may b e  

s m a l l ,  t h e  l a r g e  volumes of v o l a t i l e  f i s s i o n  product  gases  a l s o  

p re sen t  i n  t h i s  stream w i l l  make sodium d e a c t i v a t i o n  and removal 

exceedingly d i f f i c u l t .  

chopped p i e c e s  t o  a d i v e r t e r  (no t  y e t  des igned) ,  which s e p a r a t e s  t h e  

empty gas  plenum h u l l s  from t h e  h u l l s  conta in ing  core  and b l anke t  

material. 

The remaining sodium w i l l  ex i t  w i th  t h e  
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Cleaning of Empty Hul l s .  - The empty gas  plenum h u l l s  from t h e  

d i v e r t e r  may drop onto  a v i b r a t i n g  f eede r ,  where bulk  sodium w i l l  b e  

dra ined  o f f ,  c o l l e c t e d ,  and s e n t  t o  a d e a c t i v a t i o n  and d i s p o s a l  system. 

(This sodium w i l l  b e  t o o  r a d i o a c t i v e  t o  r ecyc le . )  

w i l l  be  washed w i t h  a water spray  be fo re  they are s e n t  t o  t h e  d isso lu-  . 

t i o n  s t e p .  

uranium recovery s t e p  f o r  t h e  aqueous NaOH waste streams. 

The dra ined  h u l l s  

It  w i l l  probably be  necessary  t o  provide a plutonium- 

V o l a t i l e  F i s s i o n  Product Gas Removal (Voloxid izer ) .  - The sheared 

p i eces  conta in ing  core-plus-blanket material  w i l l  be  f ed  d i r e c t l y  t o  

t h e  v o l o x i d i z e r ,  where t h e  sodium can b e  oxid ized  o r  hea ted  under 

c o n t r o l l e d  cond i t ions .  Most of t h e  sodium oxide formed w i l l  probably 

sublime (Na20 sublimes a t  1275°C) and l eave  wi th  t h e  vo lox id ize r  o f f -  

gas .  This  w i l l  make t h e  off-gas  c o l l e c t i o n  and d i s p o s a l  problems 

much more d i f f i c u l t  t o  so lve .  The N a  0 which remains behind can, 

hope fu l ly ,  be  passed t o  the  d i s s o l u t i o n  s t e p  without  f u r t h e r  

process ing .  

2 

Sodium Problems i n  A l t e r n a t i v e  Candidate Head-End Process ing  

Methods : 

A. Aqueous Dec1,adding - Sulfex  

A s  s t a t e d  p rev ious ly ,  t h i s  method cannot be  used t o  process  LMFBR 

f u e l ;  t h e r e f o r e ,  i t  w i l l  no t  be  d iscussed .  

B. Molten Metal Decladding 

I f  t h e  s o l u b i l i t y  of  sodium i n  t h e  molten cladding is  exceeded, 

a two-phase mixture  conta in ing  unal loyed sodium w i l l  be  formed. 

This  could create problems i n  t h e  recovery and r ecyc le  of t h e  

m e l t  metal. For example, t h e  s o l u b i l i t y  of sodium i n  z i n c  is  

about 3.5% a t  575°C. I n  t h i s  ca se ,  most of t h e  sodium w i l l  

probably pass ou t  w i th  t h e  sweep gas .  

C. Melt Decladding 

The temperatures  r equ i r ed ,  2750°F o r  g r e a t e r ,  are s u f f i c i e n t l y  

high t h a t  th'e sodium (bp,167O0F a t  1 atm) w i l l  v o l a t i l i z e  and 



89 

D. 

E. 

e x i t  w i th  a sweep gas ,  from which i t  can be  condensed and 

c o l l e c t e d  . 
Simultaneous Di s so lu t ion  of Cladding and Core 

Experience a t  ORNL and o t h e r  si tes has  shown t h a t  i t  i s  mandatory 

t h a t , a l l  sodium b e  excluded from aqueous d i s s o l u t i o n  processes  

i f  c a t a s t r o p h i c  explos ions  are t o  be  avoided. To guarantee  t h e  

complete removal of sodium from t h e  va r ious  LMFBR f u e l  a r r a y s  

p r i o r  t o  d i s s o l u t i o n  is  much too  d i f f i c u l t  t o  be considered 

p r a c t i c a l .  

Simultaneous Cut t ing  of Cladding E l e c t r i c a l l y  and Di s so lu t ion  of 
Core 

The statements made f o r  Method D a l s o  apply he re .  

4 . 3 . 7  Conversion of Cladding and I n e r t M e t q l  Components t o  a Form 
S u i t a b l e  f o r  Handling 

As spen t  LMFBR f u e l  i s  processed through t h e  head-end s t e p s ,  a l a r g e  

amount of i n e r t  metal l ic  waste may be genera ted  (e .g . ,  from t h e  cropping 

of end hardware and t h e  deshrouding ope ra t ions ) .  I n  a d d i t i o n ,  t h e  leaching  

ope ra t ion  produces a l a r g e  number of h u l l s  (empty cladding)  and space r  

w i r e s .  The weight  r a t i o  of i n e r t  metal t o  t h e  f i s s i l e  and f u e l  conten t  of 

LMFBR-type f u e l  is  about 2 t o  1. The r a t i o  f o r  LWR f u e l  is much more 

f avorab le ,  o r  about 1 t o  1. 

The void f r a c t i o n  of t h e  i n e r t  metal waste produced from LMFBR f u e l  

is  about 80%. I t  would b e  h ighly  d e s i r a b l e  t o  d r a s t i c a l l y  reduce t h i s  

void f r a c t i o n  f o r  conversion i n  handl ing ,  sh ipping ,  and s to rage .  However, 

demonstrated methods and techniques f o r  doing t h i s  do n o t  now e x i s t  and 

w i l l  have t o  be developed and eva lua ted .  

A b r i e f  a n a l y s i s  of two concepts  f o r  convert ing metallic wastes t o  

s impler  forms and reduced volume fol lows:  

1. Melt ing i n  an Induct ion  Furnace. - Th'e furnace  would b e  i n i t i a l l y  

provided wi th  a h e e l  of molten metal be fo re  i t  is  charged wi th  

t h e  va r ious  waste metal components. This  is  necessary t o  i n i -  

t i a t e  t h e  mel t ing  of  hollow metal l ic  shapes.  The molten waste 
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product is  c a s t  i n t o  i n g o t s ,  t hus  reducing t h e  metal waste t o  a 

minimal volume. 

2 .  Compaction of Metal Waste. - The metall ic waste could b e  

compressed by a hydrau l i c  p r e s s  and t h e  compressed product  

s t o r e d  as b r i q u e t t e s .  

t h a t  i t  may be  p o s s i b l e  t o  compact t h e  waste t o  70% of t h e  

t h e o r e t i c a l  d e n s i t y  of s t a i n l e s s  s teel .  

Some pre l iminary  compaction d a t a  show 

Advantages of t h e  induc t ion  furnace  concept are: (1) a minimum 

volume of r a d i o a c t i v e  waste is  produced, and (2)  a minimum amount of  

remotely opera ted  equipment is  requi red .  

Disadvantages of t h e  induc t ion  furnace  concept are: (1) consider-  

a b l e  q u a n t i t i e s  of h e a t  and r a d i o a c t i v e  fumes are genera ted ,  thus  

r equ i r ing  an a i r -cooled  furnace  room wi th  a s u i t a b l e  off-gas system; (2 )  

t h e  l i q u i d  l e v e l  i n  t h e  furnace  would r e q u i r e  a monitor ing system; (3) 
some s p l a t t e r i n g  of molten material  would probably occur  during t h e  

pouring ope ra t ion ,  and some s l a g  and scale would be  produced when t h e  

cooled molds a r e  dumped; and (4) a l l  i nduc t ion  furnaces  are provided wi th  

ceramic l i n e r s  which w i l l  r e q u i r e  replacement from t i m e  t o  time. 

a l i n e r  can only be  rep laced  manually. 

w i l l  have t o  b e  developed and eva lua ted .  

P resen t ly ,  

Techniques f o r  remote placement 

Advantages of t h e  compacting concept are: (1) t h e  mechanical 

ope ra t ion  is  much s imple r  and c l eane r  than  t h e  induc t ion  method, and 

(2)  no r a d i o a c t i v e  off-gases  are produced. 

Disadvantages of t h e  compacting concept are: (1) t h e  r educ t ion  of 

t he  volume of waste material  is  l i m i t e d ,  (.2) l a r g e  q u a n t i t i e s  of 

material w i th  va r ious  shapes must b e  handled remotely,  and (3)  end 

adap te r s  may be  d i f f i c u l t  t o  compact. 

4.4 V o l a t i l e  F i s s i o n  Product Removal - Task 4 

4.4.1 In t roduc t ion  

This  s e c t i o n  desc r ibes  a new head-end process ing  s t e p ,  vo lox ida t ion ,  

f o r  removing v o l a t i l e  f i s s i o n  product  gases  p r i o r  t o  aqueous processing 
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(see Task 4 i n  Fig.  4.1). The o b j e c t i v e  of t h i s  s t e p  i s  t o  v o l a t i l i z e  

and remove t h e  f i s s i o n  product  g a s e s  i o d i n e ,  xenon, tritium, and krypton 

from t h e  f u e l .  The removal of i o d i n e  i s  of primary importance because 

of t h e  high r e t e n t i o n  f a c t o r s  t h a t  w i l l  b e  r equ i r ed  f o r  1311 f o r  s h o r t -  

cooled f u e l s .  The f i s s i o n  product  gases  w i l l  b e  disposed of by methods 

o t h e r  than by d i l u t i o n  and release t o  t h e  environment (see Sect. 4.10). 

Based on p a s t  experience and prel iminary experiments,  i t  appears t h a t  

t hese  o b j e c t i v e s  probably can b e  m e t  by h e a t i n g  t h e  chopped f u e l  t o  same 

reasonable  temperature ,  less than  750°C, i n  oxygen o r  an i n e r t  gas  stream. 
- 

The advantage of using a p r e d i s s o l u t i o n  s t e p  t o  remove t h e  v o l a t i l e  

f i s s i o n  products  i s  t h a t  t h e s e  f i s s i o n  products  can probably be r e l e a s e d  

i n  a c a r e f u l l y  c o n t r o l l e d  off-gas stream. This  gas  stream w i l l  probably 

c o n s i s t  of a small dry oxygen o r  i n e r t  gas  flow from which t h e  i o d i n e ,  

and t h e  rare g a s e s  and tritium when necessary,  can be simply and 

e f f e c t i v e l y  t rapped.  

This  t a s k  w i l l  r e q u i r e  t h e  development of an e n t i r e l y  new technol- 

ogy. A t  t h i s  t i m e  t h e  p r i n c i p a l  u n c e r t a i n t i e s  are: ob ta in ing  b a s i c  

chemical d a t a  f o r  a l l  forms ( inc lud ing  c a r b i d e s  and n i t r i d e s )  of LMFBR 

f u e l  of va r ious  Pu/U atom r a t i o s  and off-gas compositions; t h e  s u i t a b i l i t y  

of va r ious  equipment des igns  such as t h e  f l u i d  bed, t h e  r o t a r y  c a l c i n e r ,  

etc.  f o r  c a r r y i n g  o u t  t h e  p rocess ;  t h e  e f f e c t  o f  sodium on t h e  process;  

and t h e  degree of s e n s i t i z a t i o n  of t h e  cladding.  

4.4.2 Background Information 

A review of information concerning t h e  v o l a t i l i z a t i o n  of f i s s i o n  

product gases  shows t h a t  i t  d e a l s  p r i n c i p a l l y  wi th  UO 

U02-PuO 

i n i t i a l  experimental  work wi th  UO -PuO and t h e  ca rb ides .  

r a t h e r  than 2 
This information is  u s e f u l ,  however, when combined wi th  t h e  2' 

2 2  

The release of f i s s i o n  product gases  from i r r a d i a t e d  UO PuO f u e l s  

The rate of release appears  t o  b e  
2- 2 

i s  c o n t r o l l e d  by a d i f f u s i o n  p rocess .  

enhanced e i t h e r  by o x i d a t i o n  of t h e  f u e l  o r  by h e a t i n g  to temperatures 

up t o  t h e  me l t ing  point . '  Owing t o  t h e  high me l t ing  p o i n t s  of uranium 

monocarbide (2375"C), uranium n i t r i d e  (2630°C), and uranium d iox ide  

(275OoC), 
2 

t h e  p o s s i b i l i t y  of me l t ing  i r r a d i a t e d  f u e l s  is  no t  a t t r a c t i v e .  
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Work by and pre l iminary  h o t - c e l l  tests a t  ORNL i n d i c a t e  

t h a t  f i s s i o n  product  gases  can b e  v o l a t i l i z e d  by hea t ing  UO f u e l  i n  

oxygen. The p i eces  of sheared f u e l  (- 1 / 2  i n .  long) w e r e  t r e a t e d  wi th  

oxygen a t  450 t o  7 O O O C  t o  ox id i ze  t h e  UO 

releases i n t e r s t i t i a l l y  t rapped gas  and, i n  gene ra l ,  causes  t h e  f u e l  t o  

break  up i n t o  f a i r l y  s m a l l  p a r t i c l e s .  Cycl ic  ox ida t ion  and r educ t ion  

s t e p s  (with hydrogen) can probably be  used t o  prepare  uniformly s i z e d  

m a t e r i a l  cons i s t ing  of small p a r t i c l e s .  I n i t i a l  r e s u l t s  a t  OWL i n d i c a t e  

2 

t o  U 0 2 3 8' The phase change 

t h a t  i t  i s  probably f e a s i b l e  t o  release most of t h e  iod ine ,  tritium, and 

noble  gases  from UO by t h i s  method. Under c e r t a i n  cond i t ions ,  o t h e r  

f i s s i o n  products  (e .g . ,  cesium, ruthenium, t e l lu r ium,  e t c . )  have a l s o  

been r e l eased .  

2 

I n  f u e l  conta in ing  20 w t  % o r  more p l u t o n i a ,  some experimental  
4 evidence sugges ts  t h a t  t h e  ox ida t ion  r e a c t i o n  of u ran ia  i s  suppressed.  

With t h e  var ious  LElFBR f u e l s ,  t h e  f e a s i b i l i t y  of ob ta in ing  a phase 

change dur ing  t h e  vo lox id iz ing  s t e p  i s  y e t  t o  b e  e s t a b l i s h e d .  I n  l i m -  

i t e d  tests performed a t  ORNL wi th  f u e l s  conta in ing  20 t o  28% PuO no 

evidence of f u e l  powdering has  been obtained.  However, tritium r e l e a s e s  

from test specimens of sheared ,  i r r a d i a t e d  LMFBR f u e l  have been encour- 

ag ingly  high (> 90%) i n  t h e  vo lox id iz ing  s t e p .  Krypton removal has  

t y p i c a l l y  been i n  t h e  range of 10 t o  40% (- 2000 Mwd/ton), a l though 

about 98% w a s  r e l eased  i n  one sample  of high-burnup f u e l  (100,000 

Mwd/ton). 

samples has  prevented s t u d i e s  wi th  

2 '  

Up t o  t h e  p re sen t  time, t h e  l a c k  of short-cooled LMFBR f u e l  
1311 

The vo lox id ize r  ope ra t ion  w i l l  depend on t h e ' e f f e c t s  of  t h e  prop- 

e r t i e s  of t h e  manufactured f u e l  (chemical form, d e n s i t y ,  shape,  s i z e ,  

temperature  and time of s i n t e r i n g ,  and degree of s o l i d  s o l u t i o n ) ;  t h e  

i r r a d i a t i o n  h i s t o r y  ( t ime,  maximum temperature ,  and burnup);  and t h e  

chemical r e a c t i o n s  and p h y s i c a l  p rocesses  ( tempera ture ,  p a r t i c l e  s i z e ,  

dens i ty  a f t e r  i r r a d i a t i o n ,  oxygen concen t r a t ion ,  and t i m e ) .  I t  w i l l  

a l s o  be necessary  t o  know t h e  e f f e c t  of mechanical a t t r i t i o n  on t h i s  

process .  These v a r i a b l e s  must b.e s t u d i e d  as f u e l  becomes a v a i l a b l e .  

I n  a d d i t i o n ,  s p e c i a l  i r r a d i a t i o n s  of LMFBR f u e l s  are needed t o  o b t a i n  . .  

short-cooled materials f o r  t h e  s tudy  of I3lI behavior .  
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4.4.3 E f f e c t  of Coolants  o r  Bonding Agents Such as Sodium 

There i s  no background informat ion  on t h e  e f f e c t  of l i q u i d  m e t a l  

coolan ts  such as sodium on t h e  v o l a t i l i z a t i o n  and release of f i s s i o n  gases .  

Also, t h e  behavior  of sodium a lone  i s  no t  known. 

information is  necessary  i n  t h e  experimental  program. 

The a c q u i s i t i o n  of such 

4.4.4 React ion of LMFBR (Urania ,  N i t r i d e ,  and Carbide) F u e l s  wi th  
Oxygen 

For u r a n i a  f u e l s  conta in ing  up t o  about  10% p l u t o n i a ,  t h e  U 0 2  i s  

oxidized t o  U 0 as fol lows:  3 8  

The h e a t  of r e a c t i o n  f o r  Eq. (1) is  about -25 kcal/mole and is  essen- 

t i a l l y  independent of temperature .  As s t a t e d  ea r l i e r ,  t h e r e  i s  evidence 

t h a t  t h e  r e a c t i o n  i s  suppressed i n  f u e l  conta in ing  20 w t  % p l u t o n i a  o r  

h igher .  

The ox ida t ion  of  UO p e l l e t s  has  been s t u d i e d  i n  t h e  temperature  

I t  i s  r epor t ed  t h a t ,  a t  up t o  450"C, t h e  t o t a l  
2 

range of 350 t o  575°C.5 

r e a c t i o n  ra te  i s  slow and t h a t ,  a t  temperatures  above 500"C, s i n t e r i n g  

occurs  even a t  r e l a t i v e l y  h igh  gas  v e l o c i t i e s .  Consequently, p r a c t i c a l  

opera t ing  temperatures  may b e  l i m i t e d  t o  t h e  narrow range of 450 t o  

500°C. 

b u t  reacts r a p i d l y  between 800 and 1000°C.6-9 Uranium monocarbide can 

be made r e a c t i v e  by extended exposure t o  mois t  a i r ;  t h e  r e a c t i v e  UC 

i g n i t e s  and burns i n  oxygen a t  about  300°C.10 I r r a d i a t e d  20% PuC--80% 

UC has  been burned i n  2 h r  a t  800°C i n  a stream of oxygen. l1 

u n i r r a d i a t e d  UN burns r a p i d l y  i n  oxygen a t  temperatures  above about 

450"C;12 no r e fe rence  t o  t h e  ox ida t ion  of i r r a d i a t e d  UN has  been found. 

Addi t iona l  ox ida t ion  s t u d i e s  w i l l  be  r equ i r ed ,  e s p e c i a l l y  wi th  i r r a d i a t e d  

f u e l  specimens. 

Un i r r ad ia t ed  arc-melted UC ox id i zes  slowly below about 600"C, 

Powdered, 
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4.4.5 S e n s i t i z a t i o n  of I n e r t  Metal Components of Fuel ,  and Other 
Processing E f f e c t s  

As presen t ly  conceived, t h e  release of v o l a t i l e  f i s s i o n  product  gases 

from LMFBR f u e l  would probably t ake  p l a c e  i n  a vo lox id ize r  u n i t  a t  tempera- 

t u r e s  from 450 t o  750°C i n  an oxid iz ing  o r  i n e r t  atmosphere. I f  ox ida t ion  

i s  r equ i r ed ,  t h e  s t a i n l e s s  s tee l  c ladding ,  w i r e  space r s ,  e t c .  may be  burned 

t o  t h e  corresponding oxides  o r  become s e n s i t i z e d  s o  t h a t  they are exten- 

s i v e l y  corroded o r  d i s so lved  i n  t h e  d i s s o l u t i o n  s t e p ,  E i t h e r  s i t u a t i o n  

would produce undes i r ab le  q u a n t i t i e s  of wastes, and t h e  h igh  concen t r a t ion  

of i r o n  i n  t h e  process  s o l u t i o n  would complicate  t h e  so lven t  e x t r a c t i o n  

process .  It w i l l  b e  necessary t o  s tudy  t h i s  problem exper imenta l ly .  

4.5 Di s so lu t ion  - Task 5 

4.5.1 Chemistry 

Extensive l abora to ry  and 

d i s s o l v i n g  uranium metal wi th  

concerning t h e  d i s s o l u t i o n  of 

product ion exper ience  has  been accumulated i n  

HN03. Much less informat ion  i s  a v a i l a b l e  

U02, and less s t i l l  on t h e  d i s s o l u t i o n  of 

U02--PuO The chemical equat ions  f o r  t h e  d i s s o l u t i o n  of UO fol low: 2’ 2 

U02 + 2.7 HN03; U02(N03)2 + 0.7 NO + 1.3 H20, 

U02 + 4 HNO -+ U02(N0 ) + 2 NO2 + 2 H20 . 3 3 2  

Ord ina r i ly  bo th  r e a c t i o n s  occur  t o  some e x t e n t ,  w i th  t h e  f i r s t  tending t o  

predominate a t  low a c i d  concen t r a t ions  and t h e  second a t  a c i d  concen t r a t ions  

g r e a t e r  t h a t  8 - M. 1’2 The composition of t h e  d i s s o l v e r  off-gas ,  t h e r e f o r e ,  

depends on t h e  exac t  d i s s o l u t i o n  cond i t ions .  

By supplying oxygen and scrubbing wi th  water o r  d i l u t e  n i t r i c  a c i d ,  

most of t h e  oxides  of n i t r o g e n  can b e  removed from t h e  off-gas  t o  form 

HN03 f o r  recyc le :  

2’ 2 NO + O2 Tt 2 NO 

3 NO2 + H20 + NO + 2 HN03 . 
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I d e a l l y ,  t h e  d i s s o l u t i o n  i s  p o s s i b l e  wi thout  l o s s  of  n i t rogen  oxides  from 

t h e  d isso lver -scrubbing  system ("fumeless d i s so lv ing" ) ,  according t o  t h e  

o v e r a l l  r eac t ion :  

U02  + 2 HN03 + 0.5 0 + U02(N0 ) + H 0 . 2 3 2  2 

3 I n  l a b o r a t o r y  tests,  t h e  release of n i t r o g e n  oxides  from t h e  d i s s o l v e r  

w a s  prevented by adding hydrogen peroxide s o l u t i o n  dur ing  d i s s o l u t i o n  of  UO 

t o  t h e  d i s s o l v e r .  I n  a d d i t i o n ,  t h e  rate of d i s s o l u t i o n  of UO i n  t h e  

peroxide- -n i t r ic  a c i d  s o l u t i o n  w a s  g r e a t e r  than i n  t h e  same n i t r i c  a c i d  

s o l u t i o n  wi thout  peroxide.  

2 

2 

Both small-scale tes ts  and l i m i t e d  i n d u s t r i a l  experience have shown 

t h a t  UO 

r e a c t i o n  i n c r e a s e s  w i t h  i n c r e a s e  i h  a c i d  concen t r a t ion  and inc rease  i n  

temperature  up t o  t h e  b o i l i n g  po in t .  The r e a c t i o n  is  autoca ta lyzed  by 

n i t r o u s  ac id .  (Small concen t r a t ions  of n i t r o u s  a c i d  are formed i n  t h e  

s o l u t i o n  by t h e  r e a c t i o n  2 NO + HNO Rapid s t i r r i n g ,  

b o i l i n g ,  o r  pass ing  a purge gas  through t h e  d i s s o l v e r  tends  t o  reduce t h e  

n i t r i t e  concen t r a t ion  of t h e  s o l u t i o n ,  thereby decreas ing  t h e  d i s s o l u t i o n  

rate by as much as a f a c t o r  of 5.  

can be  d i s so lved  completely i n  4 t o  8 M HNO The ra te  of t h e  2 - 3' 

+ H 0 ; 3 HN02.) 3 2  

1 

4.5.2 Di s so lu t ion  of  PuO --UO 2-2 

"he d i s s o l u t i o n  of PuO --UO i n  n i t r i c  a c i d  is  a f f e c t e d  by (1) the 2 2 
percentage of PuO , (2) t h e  method of f a b r i c a t i o n  ( i . e . ,  mechanically 

blended oxides ,  co -p rec ip i t a t ed  oxides ,  o r  so l -ge l  ox ides ) ,  and (3) t h e  

i r r a d i a t i o n  l e v e l .  Pure PuO does n o t  d i s s o l v e  a t  a s i g n i f i c a n t  rate 

i n  n i t r i c  a c i d ,  and f l u o r i d e  is  requ i r ed  as a c a t a l y s t .  However, t h e  use  

of f l u o r i d e  i s  undes i r ab le  because of co r ros ion  problems. So l id  s o l u t i o n s  

of PuO UO d i s s o l v e  e a s i l y  i n  n i t r i c  ac id .  Thus, m a x i m u m  d i s s o l u t i o n  

rates and complete d i s s o l u t i o n  are obta ined  i f  t h e  f u e l  i s  f a b r i c a t e d  

i n i t i a l l y  as a s o l i d  s ~ l u t i o n . ~  

c a l l y  blended Pu02--UO 

s i n t e r i n g  a t  160OOC for 16 t o  48 h r .  Recent German s t u d i e s  wi th  un i r r a -  

d i a t e d  f u e l  demonstrated t h a t  mechanical ly  blended 15% Pu02--85% U02  could 

2 

4 
2 

2-- 2 

ORNL s t u d i e s 4  demonstrated t h a t  mechani- 

could be  converted t o  a l eachab le  product by 
5 2 
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b e  converted t o  s o l i d  s o l u t i o n  ( <  99.9% d i s so lved  i n  8 h r  i n  b o i l i n g  14 - M 

HNO ) by hea t ing  t h e  oxide  mixture  32 h r  a t  1500"C, 16 h r  a t  1600"C, or 

8 h r  a t  1700°C. Stud ies  a t  O W L  a l s o  show t h a t  t h e  h igh  i r r a d i a t i o n  l e v e l s  

a t  t h e  h igh  temperatures  p r e s e n t  i n  f u e l  rods  tend t o  produce a homogeneous 

and s o l u b l e  product .  However, f u e l  i n  t h e  o u t e r  areas of t h e  f u e l  rods 

does n o t  always reach s u f f i c i e n t l y  h igh  temperatures  t o  ensure  good 

s o l u b i l i t y .  

3 

About 50 small-scale d i s s o l u t i o n  tests have been made a t  ORNL wi th  a 

v a r i e t y  of Pu0,--UO, f u e l s  of d i f f e r e n t  p repa ra t ion  h i s t o r i e s ,  plutonium 
L L 

Although inconclus ive  i n  3,6-9 con ten t s ,  and burnups. 

d a t a  show some g e n e r a l  t r e n d s  : 

1. 

2. 

3 .  

4. 

The d i s s o l u t i o n  ra te  i n  b o i l i n g  n i t r i c  a c i d  

ab ly  wi th  i n c r e a s e  i n  a c i d  concen t r a t ion  i n  

13 M. 

The i n i t i a l  d i s s o l u t i o n  rate of e s s e n t i a l l y  

b o i l i n g  8 M HNO w a s  h igh;  more than 90% of 

- 

- 3  

many r e s p e c t s ,  t h e s e  

inc reased  consider-  

t h e  range of  4 t o  

a l l  samples i n  

t h e  plutonium was 

d i s so lved  w i t h i n  2 t o  3 h r .  A small f r a c t i o n  (usua l ly  1 t o  10%) 

of t h e  plutonium w a s  more r e f r a c t o r y  and d i s so lved  very slowly. 

Sol-gel  and co -p rec ip i t a t ed  oxide samples g e n e r a l l y  gave less 

than 0 . 2 %  plutonium l o s s  t o  t h e  r e s i d u e  a f t e r  leaching  f o r  8 h r  

i n  b o i l i n g  8 M HNO 

were usua l ly  poorer  (up t o  8% l o s s )  w i th  mechanical ly  blended 

oxides .  

The amount of s t a i n l e s s  s teel  cladding d i s so lved  by leaching  f o r  

s e v e r a l  hours i n  b o i l i n g  8 M HNO w a s  u s u a l l y  i n  t h e  range of 1 

t o  10% of t h e  t o t a l  c ladding .  The d i s s o l u t i o n  rate w a s  i n i t i a l l y  

r a p i d  b u t  then  decreased ,  i n d i c a t i n g  t h a t  t h e  cladding s u r f a c e  

had been s e n s i t i z e d ,  probably p r imar i ly  as a r e s u l t  of t h e  l o s s  

of chromium from t h e  s u r f a c e  t o  t h e  sodium coolant .  

Resu l t s  w e r e  more e r r a t i c  and r ecove r i e s  - 3' 

- 3  

The a v a i l a b l e  leaching  d a t a  i n d i c a t e  t h a t  i t  w i l l  b e  advantageous t o  d is -  

s o l v e  t h e  major f r a c t i o n  (> 90%) of t h e  f u e l  i n  a s h o r t  l each  t rea tment  

w i th ,  f o r  example, 8 M HNO and t o  provide f o r  some r e t e n t i o n  i n  t h e  d is -  

s o l v e r  (or r ecyc le  t o  t h e  d i s s o l v e r )  of t h e  r e s idue  i n  o r d e r  t o  a f f o r d  a 

longer  d i s s o l u t i o n  t i m e  f o r  t h e  more r e f r a c t o r y  f u e l  f r a c t i o n .  

- 3  

With t h i s  
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provis ion ,  i t  appears  t h a t  an average f u e l  r e s idence  t i m e  of 4 h r  should 

be  s u f f i c i e n t  t o  o b t a i n  e s s e n t i a l l y  complete plutonium recovery from most 

f u e l s .  

f u e l  samples of d i f f e r e n t  compositions and h i s t o r i e s  are needed t o  confirm 

t h i s  and t o  b e t t e r  d e f i n e  t h e  range of  d i s s o l u t i o n  rates and metal recov- 

eries t h a t  can b e  expected. I f  extended leaching  wi th  n i t r i c  a c i d  s t i l l  

leaves excess ive  amounts of plutonium i n  t h e  r e s idues  from some f u e l  

samples ,  t h e s e  r e s idues ,  which should r e p r e s e n t  only a s m a l l  percentage 

of t h e  t o t a l  f u e l  weight ,  could b e  g iven  an a d d i t i o n a l  leach wi th  HNO --HF 

t o  d i s s o l v e  a l l  of  t h e  plutonium. 

However, many more leaching  experiments wi th  a v a r i e t y  of LMFBR 

3 

Dis so lu t ion  of PuO --U 0 Assuming t h a t  t h e  ox ida t ive  h e a t  t reat-  2-3-8' 
ment i s  used t o  remove gaseous f i s s i o n  products  from t h e  PuO --UOz f u e l  

p r i o r  t o  d i s s o l u t i o n  (see Sec t .  4 . 4 ) ,  t h e  f u e l  f ed  t o  t h e  d i s s o l v e r  w i l l  

be  Pu02--U308. 

b r i e f l y  a t  OWL. It  appears  t h a t  t h e  l e a c h a b i l i t i e s  of t hese  f u e l s  are 

2 

D i s so lu t ion  of ox id ized  i r r a d i a t e d  f u e l s  has  been s t u d i e d  

n o t  apprec iab ly  a f f e c t e d  by t h e  ox ida t ion  t rea tment ,  b u t  more d a t a  are 

needed f o r  a v a r i e t y  of cond i t ions  t o  confirm t h i s .  The amount of fumes 

produced should be  only  one-third t h e  amount r e s u l t i n g  from d i s s o l u t i o n  of 

uo2 : 

U308 + 6.7  HN03; 3 U02(N03)2 + 0.7 NO + 3.3 H 2 0  , 

U308 + 8 HN03 -t 3 U02(N03)2 + 2 NO2 + 4 H20 . 

2 '  No fumes r e s u l t  from t h e  r e a c t i o n  wi th  PuO 

PUO2 + 4  HNO + P u ( N O ~ ) ~  + 2 H 2 0  . 

4.5.3 Iod ine  Behavior i n  Di s so lu t ion  

Elemental  i o d i n e  i s  evolved r e a d i l y  from h o t  n i t r i c  a c i d  s o l u t i o n s .  

Any iod ine  i n i t i a l l y  p re sen t  i n  t h e  s o l u t i o n  a s ' i o d i d e  ion  ox id izes  r a p i d l y  

t o  e lemental  i od ine .  Any i n i t i a l l y  p r e s e n t  as i o d a t e  i s  reduced t o  ele- 

2 '  mental  i o d i n e  by t h e  n i t r o u s  a c i d  formed during t h e  d i s s o l u t i o n  of UO 
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The tendency, t h e r e f o r e ,  i s  f o r  e s s e n t i a l l y  a l l  of t h e  i o d i n e  t o  be d r iven  

o f f  from t h e  d i s s o l v e r  during t h e  d i s s o l u t i o n  o p e r a t i o n ,  p a r t i c u l a r l y  i f  

t h e r e  is  a l a r g e  a i r  flow through t h e  d i s s o l v e r .  

d i s s o l v e r  u s u a l l y  i s  coupled wi th  e i t h e r  an updra f t  o r  a downdraft r e f l u x  

condenser. This h inde r s  t h e  removal of i o d i n e  s i n c e  much of t h e  i o d i n e  

condenses i n  t h e  condenser and even tua l ly  i s  washed back i n t o  t h e  d i s s o l v e r  

by t h e  r e f l u x i n g  s o l u t i o n ,  3’6’8  

manner, a f t e r  t h e  d i s s o l u t i o n  r e a c t i o n  has  stopped and n i t r o u s  a c i d  i s  no 

longer  being formed, can l e a d  t o  conversion of a s i g n i f i c a n t  f r a c t i o n  of 

t h e  i o d i n e  t o  t h e  i o d a t e  form. 

I n  process  p r a c t i c e ,  t h e  

Prolonged r e f l u x i n g  of t h e  i o d i n e  i n  t h i s  

It is  ev iden t  from t h e  above d i s c u s s i o n  t h a t  t h e  amount of i o d i n e  

s e p a r a t e d  from t h e  f u e l  during d i s s o l u t i o n  can vary widely,  depending on 

t h e  e x a c t  arrangement of t h e  dissolver-condenser  system and t h e  manner i n  

which i t  is operated.  Product ion p l a n t s  have r e p o r t e d  t h a t  30 t o  95% of 

t h e  i o d i n e  i s  evolved during d i s s o l u t i o n .  I n  small-scale d i s s o l u t i o n  tests 

a t  ORNL, removal of more than  99% of t h e  i o d i n e  has  been accomplished by 

a p p r o p r i a t e  arrangement of t h e  dissolver-condenser  system and by adding 

i o d i d e  and n i t r i t e  t o  t h e  system a t  t h e  end of t h e  d i s s o l v i n g  period.8 

equipment arrangements and t h e  procedures  used, however, may n o t  be at- 

tractive f o r  l a rge - sca l e  use.  Rather t han  make a s p e c i a l  e f f o r t  t o  remove 

i o d i n e  during d i s s o l u t i o n ,  i t  appears  p r e f e r a b l e  t o  u t i l i z e  p r e s e n t  pro- 

duc t ion  equipment arrangements ( i . e . ,  d i s s o l v e r  coupled wi th  a downdraft 

condenser) and techniques and t o  remove i o d i n e  from t h e  s o l u t i o n  during 

f eed  adjustment (Sect .  4 . 6 . 2 ) .  Data from o p e r a t i n g  p l a n t s  i n d i c a t e  t h a t  

i o d i n e  i n  t h e  gas stream leav ing  t h e  condenser w i l l  be  e f f i c i e n t l y  removed 

when t h i s  stream i s  scrubbed wi th  d i l u t e  a c i d  t o  remove n i t r o g e n  oxides .  

Depending on t h e  amount of i o d i n e  p r e s e n t ,  i t  may b e  d e s i r a b l e  t o  sparge 

t h e  scrub s o l u t i o n  t o  remove i o d i n e  b e f o r e  t h e  s o l u t i o n  i s  r ecyc led  t o  t h e  

d i s s o l v e r .  

The 

Addition of Mercury. - The mercury-iodine complexes are s o  s t a b l e  t h a t  

t h e  a d d i t i o n  of mercu r i c  i o n  t o  t h e  d i s s o l v e r  g r e a t l y  dec reases  t h e  amount 

of i o d i n e  evolved during d i s s o l u t i o n  even a t  b o i l i n g  temperatures  .lo This  

t reatment  has  been used i n  product ion p l a n t s  t o  h e l p  c o n t r o l  i o d i n e  
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release during t h e  process ing  of short-cooled f u e l s .  However, mercury vol- 

a t i l i z e s  and can be  troublesome during f i x a t i o n  of h igh- leve l  w a s t e s .  I n  

a d d i t i o n ,  t h e  mercury-iodine complex i s  e x t r a c t e d  by TBP12 and i s  la ter  

found t o  some e x t e n t  i n  t h e  product  s t r i p  s o l u t i o n .  For these  reasons ,  

a d d i t i o n  of  mercury t o  t h e  d i s s o l v e r  s o l u t i o n  does n o t  p r e s e n t l y  appear 

a t t ract ive.  

feed  appears  t o  b e  p r e f e r a b l e  i n  o r d e r  t o  prevent  t h e  in t roduc t ion  of 

i o d i n e  i n t o  t h e  s o l v e n t  e x t r a c t i o n  system. 

E s s e n t i a l l y  q u a n t i t a t i v e  removal of i o d i n e  from t h e  aqueous 

4.5.4 Di s so lu t ion  of Carbide and N i t r i d e  Fuels  

I n  l abora to ry  s t u d i e s  a t  ORNL, u n i r r a d i a t e d  UC w a s  found t o  d i s s o l v e  

i n  b o i l i n g  2 t o  16 M HNO w i t h i n  10 h r ,  y i e l d i n g  an off-gas  composed mainly 

of NO2,  NO, and CO 

13-16 Between trate, s o l u b l e  o r g a n i c  s p e c i e s ,  and probably a l s o  some HNO 

30 and 50% of t h e  ca rb ide  carbon w a s  converted t o  t h e  organic  spec ie s ;  t h e  

remainder w a s  converted t o  CO which was evolved. Although a l l  t h e  o rgan ic  

s p e c i e s  have n o t  been i d e n t i f i e d ,  o x a l i c  and m e l l i t i c  (benzene hexacar- 

boxyl ic )  a c i d s  are products  of t h e  r eac t ion . l4 - I6  Di s so lu t ion  of UC i n  

b o i l i n g  13 t o  16 M HNO r equ i r ed  about  6 h r ,  w i th  t h e  consumption of about 

8 moles of a c i d  p e r  mole of  carb ide .  

3 - 
and a dark ,  red-brown s o l u t i o n  conta in ing  u rany l  n i -  2 

2 ’  

2’ 

- 3  

Uranium monocarbide specimens (4.4 t o  5.0% C) t h a t  had been i r r a d i a t e d  

t o  burnups of up t o  6000 Mwd/ton d i s so lved  i n  about  4 h r  i n  b o i l i n g  15.8 

M HN03, y i e l d i n g  s o l i d s - f r e e  da rk  s o l u t i o n s  0.5 t o  1 M  i n  UO (NO ) 

t o  11 M i n  HNO 

and 7 2 3 2  - 
l7 Simi la r ly ,  PuC (1000 Mwd/ton) and 20% PuC--80% UC 3‘ - 

(20,000 Mwd/ton) d i s so lved  i n  b o i l i n g  13 M HNO i n  4 h r ,  y i e l d i n g  s o l i d s -  

f r e e  green-black s o l u t i o n s .  
3 - 

17 

The s o l u b l e  o rgan ic  s p e c i e s  must b e  l a r g e l y  destroyed t o  prevent  

s eve re  e m u l s i f i c a t i o n  and complexing of  heavy-metal i o n s  during s o l v e n t  

e x t r a c t  ion.  l7’I8 

t h i s  c o n s i s t s  of  r e f lux ing  t h e  product  s o l u t i o n  [e .g . ,  0.5 M U02(N0 ) -- 
11 M HNO ] f o r  an a d d i t i o n a l  6 h r  t o  p a r t i a l l y  o x i d i z e  t h e  o rgan ic  s p e c i e s .  

The excess a c i d  i s  then  removed by d i s t i l l a t i o n  ( l i t t l e  a d d i t i o n a l  oxida- 

t i o n  of t h e  o r g a n i c s ) ,  t h e  d i s t i l l a t i o n  r e s i d u e  is  d i l u t e d  t o  Purex feed- 

s o l u t i o n  composition [1.36 M UO (NO ) --3.M HNO ] ,  and t h e  s o l u t i o n  i s  

For UC f u e l s  a reasonably s a t i s f a c t o r y  method f o r  doing 

3 2  - 

- 3  

2 3 2  - 3 - 
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made 0 . 2  M i n  KMnO and r e f luxed  f o r  2 h r .  The MnO formed i s  removed by 4 2 
f i l t r a t i o n .  With bo th  u n i r r a d i a t e d  and i r r a d i a t e d  U C ,  about 5% of  the  

o r i g i n a l  carb ide  carbon remained i n  t h e  feed  s o l u t i o n  a f t e r  t h e  KMnO oxida- 

t i o n  s t e p ;  however, most of  t h e  s p e c i e s  d e l e t e r i o u s  t o  s o l v e n t  e x t r a c t i o n  

were e l imina ted .  I n  experiments w i th  i r r a d i a t e d  PuC and UC--PuC, t h e  

s o l u t i o n s  a f t e r  KMnO t rea tment  contained 25 t o  32% of t h e  ca rb ide  carbon 4 
i n  t h e  form of o rgan ic  compounds. 

e x t r a c t i o n  of t h e  f eed  s o l u t i o n s ;  however, a f t e r  s t r i p p i n g ,  0.4% of  t h e  

plutonium w a s  r e t a i n e d  i n  t h e  so lven t .  Thus, som2 of  t h e  r e s i d u a l  organic  

i m p u r i t i e s  may have been e x t r a c t e d  i n t o  t h e  s o l v e n t ,  where they complexed 

and r e t a i n e d  plutonium during s t r i p p i n g .  

- 

4 

These compounds had no adverse  e f f e c t  on 

Pyrohydrolysis ,  followed by d i s s o l u t i o n  of t h e  r e s u l t i n g  oxide i n  

HN03, appears  t o  b e  a more promising process  f o r  d i s s o l v i n g  ca rb ide  f u e l s  

than d i r e c t  d i s s o l u t i o n  i n  HNO 

l i m i t e d  t o  a very few h o t - c e l l  experiments,  and i t  i s  p o s s i b l e  t h a t  some 

b e t t e r  means of ox id i z ing  t h e  o rgan ic  s p e c i e s  can b e  found. React ion of  

t h e  ca rb ides  wi th  b o i l i n g  water, followed by d i s s o l u t i o n  of t h e  oxides  i n  

n i t r i c  a c i d ,  was an a t t r a c t i v e  process  when t e s t e d  wi th  u n i r r a d i a t e d  mate- 

r i a l s ,  b u t  t h i s  scheme is  n o t  f e a s i b l e  f o r  i r r a d i a t e d  ca rb ides  s i n c e  they 

are i n e r t  t o  b o i l i n g  water. 

However, t h e  work on PuC and UC--PuC w a s  3' 

19-21 

N i t r i d e  F u e l s .  - Uni r rad ia t ed  UN d i s so lved  r e a d i l y  i n  0 . 5  t o  15.8 - M 

HN03, y i e l d i n g  an of f -gas  composed of N N O ,  N 0 ,  and sometimes NO ( 8  t o  

16  - M HNO3), and a yel low s o l u t i o n  conta in ing  u rany l ,  ammonium, and n i t r i t e  

i ons .  2 2 9 2 3  

func t ion  of t h e  a c i d  concen t r a t ion ,  r e a c t i o n  temperature ,  and t ime of t h e  

r e a c t i o n .  

s o  t h e s e  q u a n t i t i e s  can vary  wi th  t h e  experimental  cond i t ions .  Ammonium 

ion  appears  t o  be  an in t e rmed ia t e  i n  t h e  ox ida t ion  of t h e  n i t r i d e  n i t rogen  

t o  f r e e  n i t rogen .  

lower temperatures ,  b u t  cont inues  t o  o x i d i z e  s lowly a f t e r  a l l  of t h e  

uranium has d isso lved .  This  i s  n o t  a s e r i o u s  problem s i n c e  t h e  ammonium 

i o n  i s  r e a d i l y  des t royed  by inc reas ing  t h e  a c i d  concen t r a t ion  and/or  

temperature.  For example, less than 0.3% of t h e  n i t r i d e  n i t r o g e n  was 

found as ammonium i o n  a f t e r  hea t ing  an  8 M HNO 

2' 2 2 

The exac t  q u a n t i t i e s  of t h e  va r ious  n i t r o g e n  products  are a 

I n  a d d i t i o n ,  t h e  n i t r i t e  ion i s  i n  equ i l ib r ium wi th  gaseous N O ,  

I t  i s  more s t a b l e  a t  t h e  lower a c i d  concen t r a t ions  and 

s o l u t i o n  f o r  1 hr at  80°C. 3 - 
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Optimum d i s s o l u t i o n  cond i t ions  f o r  UN w i l l  depend upon t h e  phys ica l  s ta te  

of t h e  f u e l .  It would b e  hazardous t o  con tac t  s i z a b l e  q u a n t i t i e s  of  

powdered UN wi th  8 t o  16 M HNO because of t h e  very  r a p i d  gas  evolu t ion .  

Use of a c i d  concen t r a t ion  i n  t h i s  range might b e  s a f e ,  however, when 

d i s so lv ing  p e l l e t s .  

i r r a d i a t e d  UN d i s so lved  i n  b o i l i n g  8 t o  16  M HNO 

leav ing  an u n i d e n t i f i e d  b l ack  r e s idue .  z3 

product.  s o l u t i o n s  are a v a i l a b l e .  

- 3  

Pre l iminary  scou t ing  tests showed t h a t  p e l l e t s  of 

(bu t  n o t  i n  4 M HN03), - 3  - 
No s o l v e n t  e x t r a c t i o n  d a t a  on UN 

No informat ion  could b e  found i n  t h e  l i t e r a t u r e  concerning t h e  d i s so lu -  

t i o n  of u n i r r a d i a t e d  o r  i r r a d i a t e d  PUN o r  UN--PUN specimens i n  n ' i t r i c  ac id .  

4.5.5 Equipment and Operat ing Procedures 

The n a t u r e  of  LMFBR f u e l s  occas ions  some s p e c i a l  requirements  f o r  

t h e  leaching  system. The high-burnup, short-cooled f u e l  w i l l  i n t roduce  

h e a t  d i s s i p a t i o n  problemsz4 t h a t  are much more severe than  previous ly  

encountered, e s p e c i a l l y  i f  s t o r a g e  i s  r equ i r ed  p r i o r  t o  leaching .  

C r i t i c a l i t y  and off-gas  cons ide ra t ions  w i l l  have a g r e a t e r  c o n t r o l l i n g  

e f f e c t  than h e r e t o f o r e  on t h e  des ign  and o p e r a t i o n  of t h e  leaching  

system. Also ,  i f  a v o l a t i l e  f i s s i o n  product  removal s t e p  (Sect .  4.4) 

is  used, t h e  f u e l  f e d  t o  t h e  d i s s o l v e r  may b e  i n  a f i n e l y  d iv ided  

condi t ion  and wholly o r  p a r t l y  sepa ra t ed  from t h e  c ladding .  

p o s s i b i l i t y  of shea r ing  complete f u e l  assemblies  because of i n t e r n a l  

g r i d  arrangements m a y  occas ion  o t h e r  requirements  f o r  handl ing random- 

shaped chunks of  f u e l .  

The 

Genera l ly ,  d i s s o l u t i o n  equipment under cons ide ra t ion  f o r  LMFBR 

f u e l  f a l l s  i n t o  two categories--batch and cont inuous.  As f a r  as is  

known a t  t h i s  t i m e ,  va r ious  des igns  of  e i t h e r  t ype  of  l e a c h e r  could 

conceivably b e  s c a l e d  i n  s i z e  t o  accommodate t h e  p l a n t  c a p a c i t i e s  

c u r r e n t l y  i n  mind ( e .g . ,  5 metric tons  U + Pu p e r  day as t h e  oxide) .  

Normally, ba tch  equipment would b e  dup l i ca t ed  t o  produce a smoother 

p l a n t  ope ra t ion  s i n c e  d i s s o l u t i o n  could t a k e  p l a c e  i n  one u n i t  wh i l e  

t h e  o t h e r  w a s  being dumped and reloaded.  

a s i n g l e  l i n e  of equipment appears  t o  b e  p o s s i b l e  f o r  t h e  capac i ty  

Aside from t h i s  ref inement ,  
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mentioned. Addi t iona l  s t u d i e s  t o  more a c c u r a t e l y  determine d i s s o l u t i o n  

k i n e t i c s ,  e s p e c i a l l y  of  h i g h l y  i r r a d i a t e d  f u e l ,  are r equ i r ed  f o r  f i n a l  

des ign  cons ide ra t ions .  

Batch leaching  i s  t h e  only  method used a t  t h e  p re sen t  time on a 

commercial b a s i s .  I t s  technology has  been ex tens ive ly  developed f o r  

both u n i r r a d i a t e d  and i r r a d i a t e d  f u e l .  Nuclear Fuel  Services, I n c . ,  

West Val ley,  New York, and Eurochemic, Mol, Belgium, have s u c c e s s f u l l y  

demonstrated i t s  r e l i a b i l i t y .  I n  ba tch  l each ing ,  sheared  f u e l  (contained 

i n  a baske t )  and d i s s o l v e n t  are contac ted  batchwise i n  a l eache r .  

Af t e r  t h e  f u e l  is  d i s so lved ,  t h e  product  s o l u t i o n  i s  withdrawn f o r  

f u r t h e r  process ing .  The leached h u l l s ,  a f t e r  washing and in spec t ion ,  

are packaged f o r  d i sposa l .  Usual ly ,  t h e  l e a c h e r  baske t  is  a t t ached  t o  

t h e  shea r  f o r  f i l l i n g ,  and t r a n s f e r r e d  t o  t h e  l e a c h e r  e i t h e r  d i r e c t l y  

o r  v i a  a s t o r a g e  area. A l t e r n a t i v e l y ,  t h e  sheared f u e l  can be  t r ans -  

por ted  t o  t h e  l eache r  v ia  a chute .  

sheared  f u e l  a f f o r d s  a convenient  means of t r a n s p o r t i n g  t h e  leached 

h u l l s  a f t e r  d i s s o l u t i o n .  

The use of a baske t  f o r  conta in ing  

The advantages of ba tch  leaching  are: 

1. It i s  a method t h a t  has  been demonstrated t o  be  r e l i a b l e ;  

t h e  absence of moving p a r t s  minimizes maintenance. 

2. The baske t s  provide  a means of surge-s torage ( t h i s  may n o t  b e  

an advantage f o r  LMFBR f u e l ) .  

3 .  Seal ing  t o  minimize a i r  in leakage  and t o  c o n t r o l  of f -gases  i s  

re l a  t i v e l y  simple.  

Disadvantages of ba t ch  leaching  inc lude :  

1. Large su rges  of  f i s s i o n  product  gases  and n i t r o g e n  oxides  a r e  

r e l e a s e d  t o  t h e  off-gas  system. 

2 .  Usual ly ,  p rov i s ion  must b e  made t o  handle  a v a r i e t y  of 

baske t  t ypes .  

3. C r i t i c a l i t y  cons ide ra t ions  may d i c t a t e  t h e  use of  r a t h e r  

small b a s k e t s  and, t h e r e f o r e ,  t h e  handl ing of many b a s k e t s .  



4. This  scheme i s  n o t  compatible wi th  t h e  g o a l  of  a low- 

inventory ,  high-throughput process ing  u n i t  having a s h o r t  

turnaround t i m e .  

Experience wi th  ba t ch  leaching  on a l a r g e  scale has  been l i m i t e d  t o  

2 '  uranium metal, UO and U02--Th0 2 '  

Continuous leaching  has  been p a r t i a l l y  developed a t  OWL, us ing  an 

25s26  The main 2' 
enclosed r o t a r y  s p i r a l  l e a c h e r  f o r  u n i r r a d i a t e d  UO 

obs t ac l e s  t o  s u c c e s s f u l  development of a cont inuous l eache r  are: 

1. A method of i n t roduc ing  s o l i d s  t o ,  and removing them from, a 

l eache r  i n  a continuous manner wh i l e  main ta in ing  a vapor 

seal i s  requi red .  

seals.  

Th i s  may r e q u i r e  use of  l i q u i d  mechanical 

2. E f f i c i e n t  t r a n s p o r t  of a l l  s o l i d s  without  regard  f o r  shape and 

s i z e  must b e  accomplished. 

3 .  The r e l i a b i l i t y  of t h e  equipment must b e  s a t i s f a c t o r i l y  

demons t ra t ed . 
Advantages of continuous leaching  inc lude :  

1. 

2. 

3. 

4 .  

5 .  

Evolu t ion  of f i s s i o n  product  gases  and n i t r o g e n  oxides  t o  t h e  

off-gas  system i s  more uniform. 

Basket handl ing i s  e l imina ted ,  as i s  t h e  s t o r a g e  of sheared 

f u e l  and t h e  a t t e n d a n t  hea t  d i s s i p a t i o n  problems. 

The p o s s i b i l i t y  e x i s t s  f o r  ope ra t ing  a s i n g l e  l i n e  of equip- 

ment w i th  no downtime f o r  loading  and unloading. 

It i s  compatible  w i t h  t h e  g o a l  of having a high-throughput,  

low-inventory process ing  u n i t .  

Product concen t r a t ion  v a r i a t i o n  would occur  g radua l ly ,  n o t  

s t epwise ,  a l lowing b e t t e r  c o n t r o l  of  subsequent processes ,  

e s p e c i a l l y  i f  they are c l o s e l y  coupled. 

C r i t i c a l i t y  cons ide ra t ions  f o r  LMFBR f u e l  leaching  equipment are 

s t r o n g l y  dependent on whether t h e  plutonium remains d i s t r i b u t e d  uni- 

formly throughout t h e  f u e l  mass and/or  s o l u t i o n  o r  whether i t  seg rega te s  



as a p r e c i p i t a t e  o r  powder i n  one l o c a t i o n  of t h e  d i s s o l v e r .  

been e s t ima ted  t h a t ,  f o r  no plutonium seg rega t ion ,  pipe-type d i s s o l v e r s  

up t o  15  i n .  i n  d iameter  could b e  used w i t h  0.2 - M Cd as a s o l u b l e  

poison.27 

l i m i t i n g  s i z e .  

g e n e r a l l y  favored t h e  conse rva t ive  approach, s i n c e  no guarantee  e x i s t s  

t h a t  t h e  plutonium w i l l  n o t  segrega te .  

t h e  a l lowable  s i z e  of t h e  u n i t  is  n o t  a f f e c t e d  by t h e  plutonium con- 

c e n t r a t i o n  i n  t h e  f u e l  being leached.  The use  of 3-in. a n n u l i  without  

s o l u b l e  poison,  and 4-in. a n n u l i  wi th  s o l u b l e  poison,  around a c e n t r a l  

poisoned co re  of a t  least  8 i n .  seems t o  b e  a reasonable  approach a t  

t h i s  t i m e .  28 

more l i b e r a l  t rea tment  of concepts  can b e  made. 

form of reducing c e n t r a l  poisoned c o r e  diameters  and al lowing inc reased  

f u e l  throughput.  

It  has  

For complete seg rega t ion ,  d iameters  of 5.5 i n .  would be  t h e  

Leacher concepts  f o r  LMFBR f u e l  formulated t o  d a t e  have 

Using t h e  conserva t ive  approach, 

A s  c r i t i c a l i t y  c a l c u l a t i o n s  become more s o p h i s t i c a t e d ,  a 

This  would t ake  t h e  

Fuel  d i s s o l u t i o n  t o  a s o l u t i o n  s t r e n g t h  of 1 - M heavy metals o r  

h ighe r  i s  d e s i r a b l e  from t h e  s t andpo in t  of h igh  l e a c h e r  throughput and 

of producing a s o l u t i o n  t h a t  does n o t  r e q u i r e  evapora t ion  p r i o r  t o  so l -  

vent  e x t r a c t i o n .  The problem of des igning  a c r i t i c a l l y  s a f e  evapora tor  

f o r  LMFBR feed  s o l u t i o n s  i s  a formidable  one. 

heavy m e t a l s  w i l l  r e q u i r e  only s imple  d i l u t i o n  f o r  a c i d  adjustment  p r i o r  

t o  use  of t h e  d i l u t e  (- 0.25 - M m e t a l  i n  feed)  Purex f lowsheet .  

s o l v e r  product  rate of 3 . 6  gpm a t  a heavy metals concen t r a t ion  of  1 - M 

i s  equ iva len t  t o  5 m e t r i c  tons  of  f u e l  p e r  day. 

Feed s o l u t i o n s  1 - M i n  

A dis -  

A new ba tch  l e a c h e r  concept e x i s t s  t h a t  c a l l s  f o r  two basket- type 

l eache r s ,  each ope ra t ing  wi th  an 8-hr f i l l i n g  per iod  (during which 

d i s s o l u t i o n  occur s ) ,  a 4-hr h e e l  d i s s o l u t i o n  per iod ,  and a 4-hr h u l l  

r i n s e  and c leanout  per iod .  

f u e l  f eed  t o  b e  maintained and minimizes s t o r a g e  l a g  time. 

s imultaneous baske t  loading  and d i s s o l u t i o n  minimize off-gas  su rges .  

This  concept should more a c c u r a t e l y  b e  c l a s s i f i e d  as semicontinuous.  

U n c e r t a i n t i e s  i n  t h i s  concept t h a t  r e q u i r e  a d d i t i o n a l  developmental  

e f f o r t s  i nc lude  t h e  des ign  of a semicontinuous f i l l i n g  s y s t e m  w i t h  

The use of  two such l e a c h e r s  a l lows a s t eady  

I n  a d d i t i o n ,  



vapor seal, a more e f f i c i e n t  b a s k e t  withdrawal and h u l l  dumping method, 

a means of withdrawing and t r a n s p o r t i n g  i n s o l u b l e  wastes from t h e  

d i s s o l v e r  bottom, and t h e  e s t ab l i shmen t  of a fo rced  l i q u i d  flow p a t t e r n  

t o  ensure d i s p e r s i o n  and f l u i d i z a t i o n  of p a r t i c u l a t e  matter. 

wi th  t h e  conse rva t ive  c r i t i c a l i t y  cr i ter ia ,  each b l anke t  l e a c h e r  f o r  a 

5-metric-ton-per-day f a c i l i t y  would have a 4-in. annulus about a 25-in.- 

diam poisoned co re ,  would b e  8 f e e t  high,  and would d i s s o l v e  f u e l  t o  a 

1 - M t o t a l  heavy m e t a l  con ten t  i n  t h e  presence of 0.2 - M Cd s o l u b l e  poison 

o r  i t s  equ iva len t .  E l imina t ion  of t h e  s o l u b l e  poison ( t h u s  r e q u i r i n g  

3-in. a n n u l i ) ,  o p e r a t i o n  t o  produce a d i l u t e  product  s o l u t i o n ,  o r  t h e  

r e a l i z a t i o n  of less f a v o r a b l e  d i s s o l u t i o n  k i n e t i c s  would decrease t h e  

l eache r  c a p a c i t y .  

s i n c e  t h e  l e a c h e r  desc r ibed  above is  a l r e a d y  q u i t e  l a r g e .  

I n  accordance 

The r e s u l t  would probably b e  t h e  use of m u l t i p l e  u n i t s  

Concepts f o r  t h e  continuous d i s s o l u t i o n  of LMFBR f u e l s  are many and 

S e v e r a l  u n c e r t a i n t i e s  are common t o  a l l  and wou ld . r equ i r e  addi- v a r i e d .  

t i o n a l  developmental e f f o r t s .  For u n i t s  handl ing sheared f u e l ,  t h e s e  . 

i nc lude  t h e  design o f  a f eed ing  and vapor seal  mechanism, the  design of 

a h u l l  d i scha rge  seal, and a means f o r  d i scha rg ing  f i n e l y  divided 

i n s o l u b l e  wastes. 

r a t e d  from t h e  h u l l s  (e .g . ,  a f t e r  v o l o x i d i z e r  t r e a t m e n t ) ,  t h e  problems 

are t h e  designs of (1) a powder feeding and vapor seal  mechanism, (2 )  

a means f o r  d i scha rg ing  i n s o l u b l e s ,  and (3) an e f f e c t i v e  foam c o n t r o l  

system. 

For u n i t s  handl ing powdered f u e l  t h a t  has been sepa- 

Perhaps t h e  most promising continuous d i s s o l v e r  concept i s ' t h e .  

r o t a r y  screw. 

soned co re  should b e  s u i t a b l e  f o r  a 5-metric-ton-per-day f a c i l i t y ,  

assuming an average f u e l  d i s s o l u t i o n  time of 4 h r .  This choice of 

leaching t i m e  assumes t h a t  p r o v i s i o n  would b e  made f o r  r ecyc l ing  t h e  

d i s s o l u t i o n  h e e l  ( o r  o the rwise  providing extended leaching time f o r  

t h e  s m a l l  f r a c t i o n  of t h e  f u e l  t h a t  i s  r e l a t i v e l y  r e f r a c t o r y ) .  Having 

t h r e e  s e c t i o n s ,  each wi th  14 screw f l i g h t s  on a 6-in. p i t c h ,  t h i s  u n i t  

would o p e r a t e  wi th  i n t e r m i t t e n t  r o t a t i o n  and thus  allow a semicontinuous 

feeding arrangement. 

h u l l s .  

A s i n g l e  25-in.-diam u n i t  w i th  a 4-in,  annulus and poi- 

A f o u r t h  u n i t  i n  series would s e r v e  t o  r i n s e  

R e s t r i c t i o n  t o  a 3-in. annulus may mean having a d d i t i o n a l  u n i t s  
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i n  series i n  o rde r  t o  o b t a i n  t h e  necessary  r e s idence  time. 

type  l eache r s  would have t o  b e  cons t ruc t ed  using a p e r f o r a t e d  shea th  

around t h e  screw t o  c o n t a i n  h u l l s  and space r  wires, y e t  a l low l i q u i d  

c i r c u l a t i o n  t o  t h e  hea ted  s t a t i o n a r y  housing. Also,  p rov i s ion  t o  a g i t a t e  

p a r t i c u l a t e  matter t h a t  pas ses  through p e r f o r a t i o n s ,  e i t h e r  by l i q u i d  

flow o r  mechanical brushes ,  must b e  made. 

opera ted  t o  e s t a b l i s h  confidence i n  performance. 

These screw- 

A p ro to type  u n i t  must b e  

I f  t h e  v o l a t i l e  f i s s i o n  product  removal ope ra t ion  y i e l d s  f u e l  t h a t  

i s  sepa ra t ed  from t h e  h u l l s  t o  t h e  e x t e n t  t h a t  a mechanical s e p a r a t i o n  

of f u e l  powder (Pu02--U 0 ) and h u l l s  i s  f e a s i b l e ,  d i s s o l u t i o n  could be  

accomplished by d i r e c t l y  d i s s o l v i n g  t h e  f u e l  powder and washing t h e  

h u l l s .  

con tac t  wi th  t h e  d i s s o l v e n t ,  t h e  r e s idence  time requ i r ed  should be  much 

less, poss ib ly  only one-fourth t h a t  f o r  t h e  d i r e c t  l eaching  of sheared  

f u e l .  Hu l l  washing could occur  i n  a rotary-screw d i s s o l v e r  as descr ibed  

above. A l i k e l y  method of d i s so lv ing  t h e  f u e l  powder would b e  t o  use 

a thermal r e c i r c u l a t i n g  pipe-type d i s s o l v e r  s imi la r  t o  t h a t  developed 

a t  Idaho. 29 

i ng  
unfavorably slow d i s s o l u t i o n  k i n e t i c s  o r  more s t r i c t  c r i t i c a l i t y  regu- 

l a t i o n s  might n e c e s s i t a t e  t h e  use of  m u l t i p l e  u n i t s .  The success  of 

t h i s  type  of d i s s o l v e r  i s  dependent on i t s  c a p a b i l i t y  f o r  main ta in ing  t h e  

l i q u i d  flow v e l o c i t y  i n  t h e  upflow reg ion  a t  a va lue  that  w i l l  r e t a r d  the 

downward movement of t h e  powder s u f f i c i e n t l y  t o  g ive  t h e  d e s i r e d  powder 

r e s idence  time, y e t  n o t  h igh  enough t o  r e s u l t  i n  car ryover  of an undue 

amount t o  t h e  product take-off po in t .  The quan t i ty  of gases  genera ted  

during d i s s o l u t i o n  becomes q u i t e  c r i t i c a l  t o  t h e  ope ra t ion  of t h i s  type 

of equipment and may res t r ic t  i t s  usefu lness .  

cha rac t e r i zed  by a r a t h e r  s h o r t  r e s idence  t i m e ,  a c c u r a t e  knowledge of t h e  

d i s s o l u t i o n  k i n e t i c s  of t h e  i r r a d i a t e d  f u e l  i s  requi red .  Success may be  

s t r o n g l y  inf luenced  by t h e  degree of powder sepa ra t ion .  

agglomerates would probably be undes i rab le .  

3 8  

Since  f u e l  powder can b e  brought  i n t o  immediate and i n t i m a t e  

A u n i t  f a b r i c a t e d  from 6-in. p i p e  having a 30-ft  r e c i r c u l a t -  

l eng th  would d i s s o l v e  5 metric tons  of f u e l  p e r  day. As b e f o r e ,  

S ince  t h i s  equipment i s  

Fuel  chunks o r  
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A second type  o f  powder d i s s o l v e r  t h a t  h a s  m e r i t  i s  a rotary-screw 

u n i t .  Assuming f avorab le  d i s s o l u t i o n  k i n e t i c s ,  a u n i t  w i th  a c a p a c i t y  

of 5 metric tons  of f u e l  p e r  day would have a 3-in. annulus around an 8- 

in.-diam poisoned co re ,  and would b e  10 f t  long. This  type of d i s s o l v e r  

would e f f e c t i v e l y  handle  f u e l  chunks and agglomerates and would b e  rela- 

t i v e l y  i n s e n s i t i v e  t o  t h e  q u a n t i t y  of off-gases  produced. 

D i s so lu t ion  of Carbide and N i t r i d e  Fuels .  - The only a v a i l a b l e  d a t a  

on t h e  d i s s o l u t i o n  of c a r b i d e  and n i t r i d e  f u e l s  are those  obtained from 

l abora to ry  s t u d i e s .  Most of t h e s e  s t u d i e s  were made wi th  uranium--thorium 

r a t h e r  than uranium--plutonium f u e l s .  Leaching of t h e s e  f u e l s  i s  expected 

t o  d i f f e r  from oxide f u e l  l each ing  i n  r e s i d e n c e  times requ i r ed  and methods 

of off-gas c o n t r o l  r a t h e r  t han  i n  d i f f e r e n c e s  i n  design of t he  l each ing  

equipment. 

c a p a c i t i e s  of d i f f e r e n t  t ypes  o f  l e a c h e r s .  

The l each ing  d a t a  are t o o  s p a r s e  t o  a l low estimates of t h e  

4.6 Feed P r e p a r a t i o n  - Task 6 

The aqueous f e e d  discharged from t h e  d i s s o l v e r  w i l l  con ta in  s o l i d s  

(undissolved f i s s i o n  products ,  co r ros ion  products ,  e t c . )  and, depending 

somewhat on t h e  c o n t a c t o r  used, may r e q u i r e  c l a r i f i c a t i o n  p r i o r  t o  

s o l v e n t  e x t r a c t i o n .  P r e p a r a t i o n  of t h e  f eed  f o r  s o l v e n t  e x t r a c t i o n  a l s o  

w i l l  i nc lude  adjustment of t h e  plutonium va lence  and n i t r i c  a c i d  concen- 

t r a t i o n ,  and probably,  a t r ea tmen t  t o  remove iod ine .  

4.6.1 Adjustment of Acid Concentrat ion and Plutonium Valence 

3 A f t e r  d i s s o l u t i o n  of t h e  PuO --UO f u e l s  i n  4 t o  8 - M HNO 2 2  
(Sect .  4.5), t h e  d e s i r e d  m e t a l  concen t r a t ion  and n i t r i c  ac id  concen- 

t r a t i o n  ( 3  t o  4 - M) i n  t h e  f eed  can b e  obtained by d i l u t i n g  t h i s  

concentrated s o l u t i o n  w i t h  0.5 t o  1 - M HNO 3' 

Adjustment of t h e  Plutonium Valence. - The d i s s o l u t i o n  of LMFBR 

oxide f u e l s  produces a mix tu re  of Pu(1V) and Pu(V1); f o r  b e s t  r e s u l t s ,  

t h e  Pu(V1) should b e  reduced t o  t h e  more e x t r a c t a b l e  Pu(1V) p r i o r  t o  

e x t r a c t i o n .  The amount of Pu(V1) formed during d i s s o l u t i o n  i n c r e a s e s  

wi th  an i n c r e a s e  i n  b o i l i n g  t i m e  and f e r r i c  i r o n  content  of t h e  s o l u t i o n ,  
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1-4 b u t  t y p i c a l l y  ranges from 10 t o  50% of t h e  t o t a l  plutonium. 

Apparently t h e  r a d i a t i o n  power d e n s i t y  of  t h e  s o l u t i o n  can a f f e c t  t h e  

va lence  of t h e  plutonium. Feed s o l u t i o n s  prepared from short-cooled,  

high-burnup LMFBR f u e l s  conceivably could have r a d i a t i o n  power d e n s i t i e s  

i n  t h e  range of 5 t o  50 ( B  + y )  w / l i t e r ,  depending on t h e  heavy metal 

concen t r a t ion  and whether t h e  c o r e  i s  processed s e p a r a t e l y  o r  i n  combi- 

n a t i o n  wi th  t h e  b l anke t .  

Various chemical r eagen t s  have been used f o r  reducing Pu(V1) t o  
3-6 Pu(1V). N i t r i t e -  i o n  has  been used most ex tens ive ly :  

- - 
P u O ~ ~ +  + NO2 + 2 H+ +. Pu4+ + NO3 + H20 . 

Ni t r i t e  i o n  i s  provided by adding a sal t  such as N a N O  

NO o r  NO gas  through t h e  s o l u t i o n .  The r e a c t i o n  i s  r a p i d  a t  50 t o  

6OOC. A s  p a r t  of t h e  so l -ge l  program a t  ORNL, plutonium i n  n i t r i c  a c i d  

s o l u t i o n s  has  been reduced q u a n t i t a t i v e l y  t o  t h e  quadr iva l en t  s ta te  wi th  

NO gas  a t  about 60°C. 

had r a d i a t i o n  power d e n s i t i e s  of about 50 w / l i t e r ,  q u a n t i t a t i v e  conver- 

s i o n  of t h e  plutonium w a s  ob ta ined  by t h i s  method. 

o r  by bubbl ing 2 

2 

Even wi th  concent ra ted  238Pu s o l u t i o n s ,  which 

7 

Hydrogen peroxide a l s o  has  been used t o  reduce Pu(V1) t o  Pu(IV),  

b u t  r e s u l t s  have been erratic,  p a r t i c u l a r l y  i f  app rec i ab le  concentra- 

t i o n s  of f e r r i c  i r o n  are p resen t .  3'6 

t h a t  r educ t ion  of Pu(V1) t o  Pu(IV),  a t  least wi th  hydrogen peroxide ,  

becomes more d i f f i c u l t  as t h e  r a d i a t i o n  power d e n s i t y  of  t h e  feed  i s  

increased .  

B r i t i s h  workers8 have a l s o  noted 

Other i n v e s t i g a t o r s  '9'10 have accomplished t h e  conversion of Pu(V1) 

t o  Pu(1V) by, f i r s t ,  reducing p a r t  of a l l  of t h e  plutonium t o  Pu(I I1)  

wi th  U(IV) o r  Fe(I1)  and, then ,  ox id i z ing  t h e  Pu( I I1 )  t o  Pu(IV) wi th  

n i t r i t e  ion .  

I n  s tud ies '  a t  ORNL, t h e  plutonium i n  LMFBR f u e l  ( i r r a d i a t e d  test 

specimens) s o l u t i o n s  wi th  a beta-gamma a c t i v i t y  of  about  3 w / l i t e r  was 

ad jus t ed  t o  g r e a t e r  than  97% Pu(IV) by adding N a N O  

and hea t ing  b r i e f l y  a t  50°C. 

t o  t h e  s o l u t i o n  2 
There was no apparent  change i n  t h e  
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plutonium va lence  s ta te  when t h e  s o l u t i o n  w a s  al lowed t o  s t and  f o r  

one week. 

Thus i t  appears  t h a t  chemical methods are a v a i l a b l e  f o r  a d j u s t i n g  

the  plutonium valence.  Use o f  n i t r i t e  i on ,  supp l i ed  as NO o r  NO gas ,  

i s  poss ib ly  t h e  most a t t r a c t i v e  method since i t  adds no contaminating 

metals t o  t h e  process  waste. However, f u r t h e r  a n a l y s i s  of t h e  

a p p l i c a b i l i t y  of t h e s e  methods on a p l a n t  scale i s  requi red .  

2 

4.6.2 Removal of  Iod ine  

Separa t ion  of e s s e n t i a l l y  a l l  of t h e  i o d i n e  from t h e  f u e l  p r i o r  

t o  s o l v e n t  e x t r a c t i o n  i s  d e s i r a b l e  s i n c e  i t  would s impl i fy  t h e  t rea tment  

of off-gases  from t h e  s o l v e n t  e x t r a c t i o n  and subsequent processing 

ope ra t ions .  The i o d i n e  concen t r a t ion  i n  t h e  f i n a l  d i s s o l v e r  s o l u t i o n  

i s  expected t o  be  r e l a t i v e l y  low s i n c e  most of t h e  i o d i n e  should have 

been removed during t h e  shea r ing ,  vo lox ida t ion ,  and d i s s o l u t i o n  treat- 

ments. 

i n  t h e  form of i o d a t e ,  which cannot b e  removed by sparg ing  wi th  a i r .  

However, i o d i d e  o r  n i t r i t e  compounds can be added t o  reduce t h e  i o d a t e  

t o  e lementa l  i o d i n e ,  which can then  be  sparged from t h e  so lu t ion .  

l a r g e  f r a c t i o n  of  t h e  i o d i n e  i n  t h e  d i s s o l v e r  s o l u t i o n  may be evolved 

during adjustment  of  t h e  plutonium va lence  wi th  n i t r i t e ,  p a r t i c u l a r l y  

i f  t h e  n i t r i t e  is  supp l i ed  by bubbl ing NO gas  through t h e  s o l u t i o n .  

T h i s  might be coupled w i t h  t h e  a d d i t i o n  of some cold  iod ide  i o n  t o  t h e  

s o l u t i o n  t o  provide a d d i t i o n a l  reducing power as w e l l  as t o  provide 

c a r r i e r  i o d i n e  f o r  i nc reas ing  t h e  removal of  r ad io iod ine .  

The i o d i n e  remaining i n  t h e  s o l u t i o n  may b e  p re sen t  p r imar i ly  

A 

4.6.3 Feed C l a r i f i c a t i o n  

High-burnup LMFBR f u e l  w i l l  con ta in  l a r g e  amounts of f i s s i o n  

The s o l u b i l i t i e s  of  some of t h e s e  (e .g . ,  95Nb) w i l l  be  products .  

exceeded, p a r t i c u l a r l y  i f  concent ra ted  feed  s o l u t i o n s  are produced. 

I n  d i s s o l u t i o n  tests a t  O W L  w i t h  LMFBR f u e l  test specimens of  

20,000- t o  73,000-Mwd/ton burnup, t h e  r e s i d u e  weights  v a r i e d  widely 

but  u sua l ly  were i n  t h e  range of 1 t o  10% of t h e  i n i t i a l  f u e l  
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weight.  11’12 Appreciable amounts of ruthenium and rhodium, along 

wi th  s i l i c a  and s t a i n l e s s  s teel  co r ros ion  products  ( e s p e c i a l l y  

chromium), were found i n  t h e  r e s idues .  

r a p i d l y  i n  t h e  f u e l  s o l u t i o n .  However, f i l t r a t i o n  through Whatman 

No. 42 f i l t e r  paper  w a s  extremely slow. Product ion f a c i l i t i e s  such 

as Hanford have been a b l e  t o  process  u n c l a r i f i e d  f eed  s o l u t i o n s  i n  

pulsed s o l v e n t  e x t r a c t i o n  columns wi th  t h e  o rgan ic  phase cont inuous.  

This  may a l s o  b e  p o s s i b l e  wi th  LMFBR s o l u t i o n s .  A l t e r n a t i v e l y ,  t h e  

feed could b e  c l a r i f i e d  p r i o r  t o  s o l v e n t  e x t r a c t i o n .  

These r e s i d u e s  s e t t l e d  f a i r l y  

Cent r i fuges  have been used t o  c l a r i f y  feed s o l u t i o n s  a t  t h e  

Savannah River P l a n t .  Although t h e  use  of f i l t e r s  is  a p o s s i b i l i t y ,  

i t  is  n o t  p a r t i c u l a r l y  a t t r a c t i v e .  

c l ean  up t h e  f l u i d  of t h e  aqueous homogeneous r e a c t o r  a t  OWL. 

Cyclone s e p a r a t o r s  w e r e  used t o  
13 

More informat ion  i s  needed concerning t h e  amounts and t h e  phys ica l  

n a t u r e  of t h e  r e s idues  b e f o r e  a choice  of t h e  most s u i t a b l e  c l a r i f i c a t i o n  

method can be  made. A t  t h i s  t i m e ,  t h e  use of c e n t r i f u g e s  o r  hydro- 

c lones  is  favored.  A bank of t h i r t y  0.25-in.-diam. by 1.5-in.-long 

hydroclones i n  t h r e e  s t a g e s  of t e n  each could conceivably s e p a r a t e  

micron-sized p a r t i c l e s  from a d i s s o l v e r  s o l u t i o n  flowing a t  t h e  rate 

of 3.6 gpm. 

4.7 Solvent  Ex t rac t ion  - Task 7 

For more than  20 yea r s ,  so lven t  e x t r a c t i o n  p rocesses ,  p a r t i c u l a r l y  

those  using t r i b u t y l  phosphate (TBP) e x t r a c t a n t ,  have been used prepon- 

d e r a n t l y ,  n o t  only i n  t h e  United States  b u t  a l s o  throughout t h e  world,  

f o r  recovering uranium and plutonium from n i t r i c  a c i d  s o l u t i o n s  of 

i r r a d i a t e d  thermal  r e a c t o r  f u e l s .  

hexone (methyl i sobuty l  ketone)  as t h e  so lven t .  Later, processes  using TBP 

The f i r s t  p rocess  (Redox 1 9 2 )  , employed 

e x t r a c t a n t  (Purex p r o ~ e s s l - ~ )  and d i b u t y l  c a r b i t o l  (Butex process  192) 

w e r e  developed. 

t h e  Redox and Butex processes  and has  superseded them. 

States i t  i s  used i n  government-owned p l a n t s  a t  Hanford, Savannah 

River, and Idaho F a l l s .  It  i s  a l s o  used i n  the f i r s t  U.S. commercial 

The Purex process  has  some important  advantages over  

I n  t h e  United 
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power r e a c t o r  f u e l  process ing  p l a n t ,  which is  opera ted  by Nuclear 

Fuel  Se rv ices ,  Inc .  (NFS) ,  i n  West Val ley,  New York. The General 

Electr ic  Company i s  planning i n s t a l l a t i o n  of a processing p l a n t  n e a r  

Morr is ,  I l l i n o i s ,  t o  recover  low-enriched f u e l  materials i r r a d i a t e d  up 

t o  40,000 Mwd/ton i n  thermal  power r e a c t o r s .  

Purex process  i n  t h e  main process ing  cyc le .  The Al l i ed  Chemical 

Corporation has  a l s o  announced p lans  f o r  a f u e l  processing p l a n t  

t h a t  w i l l  use  t h e  Purex process .  The process  is  p resen t ly  being used 

i n  fo re ign  process ing  p l a n t s ,  inc luding  those  i n  England and France,  

and a t  t h e  Eurochemic f a c i l i t y  a t  Mol, Belgium. 

This p l a n t  w i l l  use  t h e  

4 .7 .1  Purex Process  

Extensive l abora to ry  s t u d i e s  of  t he  Purex process  and t h e  

ex tens ive  exper ience  acqui red  i n  product ion  p l a n t s  have r e s u l t e d  i n  

s u b s t a n t i a l  improvement of both t h e  process  and equipment over t h e  

20 years  t h a t  they have been i n  use. Extensive d a t a  are a v a i l a b l e  

f o r  t he  e x t r a c t i o n  of Pu(IV), Pu(VI),  uranium, and f i s s i o n  products  

over  a wide range of aqueous-phase compositions and TBP concen- 

t r a t i o n s .  4-6 I n  a d d i t i o n ,  t h e  deve.lopment and a p p l i c a t i o n  of TBP 

e x t r a c t i o n  processes  i n  t h e  recovery and p u r i f i c a t i o n  of elements 

o t h e r  than uranium and plutonium, f o r  example, thorium (Thorex 
1 process  ), have added s u b s t a n t i a l l y  t o  t h e  TBP e x t r a c t i o n  technology. 

A t y p i c a l  arrangement of t h e  f i r s t - c y c l e  Purex process  f lowsheet  

i s  shown i n  Fig. 4 . 9 .  P r i o r  t o  e x t r a c t i o n ,  t h e  plutonium i n  t h e  

aqueous feed  is  ad jus t ed  t o  t h e  quadr iva l en t  state,  i t s  most 

e x t r a c t a b l e  form. The uranium and plutonium are e x t r a c t e d  i n t o  so l -  

vent  cons i s t ing  of 30 v o l  % TBP i n  a hydrocarbon d i l u e n t .  This  s t e p  

s e p a r a t e s  them from t h e  bulk  of t h e  f i s s i o n  products  which remain i n  

the  aqueous phase and are discharged t o  waste. 

scrubbed wi th  d i l u t e  n i t r i c  a c i d  t o  increase t h e  s e p a r a t i o n  from 

f i s s i o n  products ,  and t h e  scrubbed s o l v e n t  phase then passes  t o  t h e  

p a r t i t i o n i n g  s e c t i o n  where t h e  plutonium and uranium are separa ted .  

This i s  done by con tac t ing  t h e  so lven t  wi th  a reducing agent  such as 

The e x t r a c t  i s  

f e r r o u s  su l famate  t o  reduce t h e  plutonium t o  nonext rac tab le  P u ( I I I ) ,  
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which t r a n s f e r s  t o  t h e  aqueous phase.  Some of t h e  uranium a l s o  

t r a n s f e r s  t o  t h e  aqueous phase and i s  backscrubbed i n t o  t h e  s o l v e n t  

phase wi th  f r e s h  so lven t .  F i n a l l y ,  t h e  uranium i s  s t r i p p e d  from t h e  

s o l v e n t  phase wi th  very d i l u t e  n i t r i c  ac id .  A t  t h i s  po in t  t h e  plu- 

tonium and uranium products  have been decontaminated from g ross  

f i s s i o n  products  by f a c t o r s  of l o 3  t o  10 . The s t r i p  product s o l u t i o n s  

are then  s e n t  t o  a d d i t i o n a l  p u r i f i c a t i o n  cyc le s  ( see  Sec t .  4 . 8 ) .  

4 

An a l t e r n a t i v e  t o  p a r t i t i o n i n g  i n  t h e  f i r s t  cyc le  i s  t o  co - s t r ip  

t h e  uranium and plutonium wi th  d i l u t e  n i t r i c  ac id .  

then  b e  co-extracted and p a r t i t i o n e d  i n  a second TBP cyc le .  

These metals can 

Flowsheet changes t o  Accommodate LMFBR Fuels .  - Adaptation of 

t h e  Purex process  t o  t h e  treatment of LMFBR f u e l s  w i l l  r e q u i r e  some 

changes i n  t h e  usua l  process  f lowshee t ,  owing p r imar i ly  t o  the  

r e l a t i v e l y  h igh  Pu/U r a t i o  i n  t h e s e  f u e l s :  

1. The high  plutonium content  of t h e  f u e l  p re sen t s  c r i t i c a l i t y  

problems. C r i t i c a l i t y  can b e  c o n t r o l l e d  by use of a d i l u t e  

f lowsheet  (5  g of f i s s i l e  plutonium i n  t h e  f eed ,  15% TBP), 

as proposed by N i c h ~ l s o n . ~  

r e c e n t l y  demonstrated s u c c e s s f u l l y  a t  ORNL i n  c y c l i c  ba tch  

tests wi th  s imula ted  f u e l s  and w i t h  f eeds  prepared by 

leaching  i r r a d i a t e d  LMFBR test specimens. The average 

f u e l  burnup w a s  about 40,000 Mwd/ton, and t h e  es t imated  

s o l v e n t  r a d i a t i o n  dose p e r  cyc le  w a s  about 0 .3  w h r / l i t e r .  

A l t e r n a t i v e l y ,  s o l u b l e  and/or  f i x e d  neut ron  poisons can 

be added t o  t h e  system t o  a l l o w  use of t h e  usua l  more- 

concent ra ted  f lowsheet .  A choice between these  methods 

w i l l  probably b e  made p r imar i ly  on t h e  b a s i s  of engineer ing 

cons ide ra t ions  ( e .g . ,  c r i t i c a l i t y ,  equipment c a p a c i t i e s ,  

see Sect. 4.7.3) s i n c e  i t  should be  p o s s i b l e  i n  e i t h e r  

system t o  o b t a i n  h igh  r ecove r i e s  of plutonium and uranium, 

and e f f i c i e n t  s e p a r a t i o n s  from f i s s i o n  products ,  by appro- 

p r i a t e  choice of solvent /aqueous flow r a t i o s .  

The 15% TBP f lowsheet  w a s  



2. Because of t h e  r e l a t i v e l y  l a r g e  concent ra t ions  of plutonium 

i n  t h i s  system, t h e  recovery of  plutonium from LMFBR f u e l s  

i s  more s e n s i t i v e ,  as compared wi th  t h a t  from thermal  r e a c t o r  

f u e l s ,  t o  t h e  concen t r a t ion  of metal i n  t h e  so lven t .  A t  

ambient temperatures ,  t h e  system must be  opera ted  wi th  rela- 

t i v e l y  low s o l v e n t  loadings  (80 t o  90% of those  o r d i n a r i l y  

used) i n  o r d e r  t o  avoid excessive plutonium r e f l u x  and high 

plutonium l o s s e s .  Operat ion a t  these  lower loadings  would 

decrease  t h e  ob ta inab le  decontamination f a c t o r s  somewhat. 

L imi t a t ions  on s o l v e n t  loading are less a t  40 t o  5OoC because of 

t h e  more e f f i c i e n t  plutonium e x t r a c t i o n  a t  these  temperatures .  

3. Because of t he  l a r g e  amounts of plutonium p r e s e n t ,  use of  

f e r r o u s  su l famate  i n  t h e  p a r t i t i o n i n g  cyc le  c o n t r i b u t e s  

r e l a t i v e l y . l a r g e  amounts of s u l f a t e  and i r o n  t o  t h e  system. 

This is undes i r ab le  and emphasizes t h e  need f o r  using a 

d i f f e r e n t  reductan t .  

4. The l a r g e  amounts and l a r g e  t o t a l  va lue  of plutonium i n  

t h e  system d i c t a t e  t h a t  increased  eniphasis be placed on 

achieving e s s e n t i a l l y  complete recovery of plutonium i n  

t h e  s o l v e n t  e x t r a c t i o n  c i r c u i t s .  By comparison, t h e  

uranium w i l l  be  of n e g l i g i b l e  va lue ,  a t  least f o r  many 

decades. Because of  t hese  cons ide ra t ions ,  t h e  optimum 

arrangement of t h e  Purex f lowshee ts  f o r  t r e a t i n g  LMFBR 

f u e l s  may b e  apprec iab ly  d i f f e r e n t  from those  developed 

f o r  thermal  r e a c t o r  f u e l s .  

Under comparable con tac t ing  cond i t ions ,  t h e  process ing  of t h e  

h ighly  %rad ioac t ive  LMFBR f u e l  s o l u t i o n s  w i l l  r e s u l t  i n  i nc reased  

formation of so lven t  degrada t ion  products  (due t o  increased  abso rp t ion  

of r a d i a t i o n  by t h e  so lven t )  as compared wi th  t h e  amounts formed i n  proc- 

e s s ing  low-burnup thermal  r e a c t o r  f u e l s  (which c o n s t i t u t e  e s s e n t i a l l y  

a l l  of t h e  p a s t  Purex processing experience) .  Excessive formation of 

degrada t ion  products  can l ead  t o  s e r i o u s  process  problems. However, 

r ecen t  assessments of t h i s  p o t e n t i a l  problem i n d i c a t e  t h a t ,  even 

during t rea tment  of 30-day-cooled, high-burnup materials, r a d i a t i o n  

damage t o  t h e  so lven t  should be  low enough t h a t  e f f e c t s  on t h e  



process  e f f i c i e n c y  should n o t  b e  s e r i o u s ,  p a r t i c u l a r l y  i f  f a s t  con- 

t a c t o r s  are used. 

confirm t h i s  t e n t a t i v e  conclusion.  

Extensive experimental  work i s  needed, however, t o  

I n  process ing  LMFBR f u e l s ,  t h e  tendency t o  form plutonium polymer 

w i l l  b e  inc reased  cons iderably  because of t h e  r e l a t i v e l y  high plu- 

tonium concent ra t ions .  S ince  t h e  polymer is  n o t  e x t r a c t e d ,  i t s  

presence i n  t h e  e x t r a c t i o n  system could l ead  t o  h igh  plutonium l o s s e s .  

I n  a d d i t i o n ,  t h e  polymer has  a r e l a t i v e l y  low s o l u b i l i t y  and can 

p r e c i p i t a t e ,  l ead ing  t o  c r i t i c a l i t y  hazards .  Once formed, t he  

polymer i s  d i f f i c u l t  t o  decompose. 

i nc reases  wi th  decrease  i n  t h e  a c i d i t y  of  t h e  aqueous phase. 

Although cond i t ions  f o r  polymer formation have been well-defined 

(at least a t  25OC) f o r  l a b o r a t o r y  cond i t ions ,  'lo c a r e f u l  consid- 

e r a t i o n  must b e  g iven  t o  engineer ing  of t h e  process  t o  avoid 

condi t ions  t h a t  could l e a d  t o  polymer formation.  For example, 

d r ipping  of water condensate i n t o  t h e  feed  s o l u t i o n  could produce 

a l o c a l i z e d  area of  low a c i d i t y  and r e s u l t  i n  formation of polymer. 

The tendency t o  form polymer 

P a r t i t i o n i n g  Reductants.  - I n  t h e  Purex process ,  s e p a r a t i o n  of 

plutonium from uranium i s  accomplished a f t e r  co-ext rac t ion  by 

reducing t h e  plutonium t o  s e l e c t i v e l y  s t r i p  i t  from t h e  so lven t  

(F ig .  4.9). Ferrous su l famate  i s  used as t h e  r educ tan t  i n  thermal 

f u e l  process ing  p l a n t s  i n  t h e  United S t a t e s .  However, LMFBR r e a c t o r  

f u e l s  have a much h ighe r  p-lutonium content  t han  thermal  f u e l s ,  and 

consequently t h e  use of f e r r o u s  su l famate  would c o n t r i b u t e  rela- 

t i v e l y  l a r g e  amounts of i r o n  and s u l f a t e  t o  t h e  waste. The s u l f a t e  

would a l s o  i n t e r f e r e  seve re ly  wi th  plutonium e x t r a c t i o n  i n  the  

second TBP cyc le .  

The use of f e r r o u s  n i t r a t e ,  s t a b i l i z e d  wi th  a s m a l l  concentra- 

t i o n  of a holding r educ tan t  such as hydraz ine ,  h a s  shown promise i n  

small-scale co ld  tests. Its use has  t h e  advantage of e l imina t ing  

t h e  troublesome s u l f a t e ,  a l though i t  s t i l l  c o n t r i b u t e s  i r o n  t o  t h e  

waste. By appropr i a t e  c o n t r o l  of  t h e  a c i d  concen t r a t ion ,  t h e  p a r t i -  

t i on ing  can b e  accomplished by us ing  as l i t t l e  as 25% of t h e  s to i ch io -  

metric amount of i ron .needed  t o  reduce a l l  of t h e  plutonium. 

11 

This  
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amount of i r o n  does n o t  have a s e r i o u s  disadvantage from t h e  waste 

s tandpoin t  s i n c e  i t  is equ iva len t  t o  only about 20% of t h e  weight of  

t h e  f i s s i o n  products .  The f e r r o u s  n i t r a t e  s o l u t i o n  i s  e a s i l y  pre- 

pared by r e a c t i n g  f e r r i c  n i t r a t e  w i th  metal l ic  i r o n  and is  adequately 

s t a b l e .  P a r t i t i o n i n g  wi th  f e r r o u s  n i t ra te - -hydraz ine  s o l u t i o n s  i s  

p resen t ly  being eva lua ted  a t  Hanford on a product ion  b a s i s .  

Uranium(1V) has  been s t u d i e d  extensively'* as a r educ tan t  by 

many i n v e s t i g a t o r s  and is  used on a product ion  b a s i s  i n  France.  It  

has  t h e  advantage of n o t  adding metal contaminants t o  t h e  waste. The 

U(1V) n i t r a t e  can b e  prepared by e l e c t r o l y t i c  reduct ion ,13  by reduc- 

t i o n  wi th  hydrogen i n  t h e  presence of a plat inum c a t a l y s t ,  o r  by 

photoac t iva ted  r educ t ion  wi th  f ~ r m a l d e h y d e . ~ ~  The U(1V) n i t r a t e  

s o l u t i o n  i s  usua l ly  s t a b i l i z e d  wi th  hydrazine.  As with  f e r r o u s  n i t r a t e  

s o l u t i o n s ,  e f f e c t i v e  p a r t i t i o n i n g  wi th  U(1V) can b e  accomplished by 

using cons iderably  less than  t h e  s t o i c h i o m e t r i c  amount of U(1V) 

needed t o  reduce a l l  of t h e  plutonium. 15 

Based on p resen t  knowledge, t h e r e  i s  l i t t l e  t o  choose between 

U(1V) and f e r rous  n i t r a t e  as p a r t i t i o n i n g  r educ tan t s .  The former 

has an advantage from t h e  waste s t andpo in t  b u t  i s  somewhat more 

d i f f i c u l t  t o  prepare  and t o  apply.  The r e a c t i o n  ra te  f o r  r educ t ion  

w i t h  U(1V) i s  apparent ly  s lower than  w i t h  F e ( I I ) ,  which may be  of 

importance i f  shor t - res idence  con tac to r s  are used. 

Reducing t h e  plutonium by con tac t ing  t h e  so lven t  extract  wi th  

hydrogen gas  and d i l u t e  n i t r i c  a c i d  i n  a column conta in ing  a platinum 

c a t a l y s t  has  shown promise i n  pre l iminary  small-scale tests. German 

workers have repor ted17 success  i n  reducing t h e  plutonium e l e c t r o l y t i c a l l y  

i n  a c e l l  conta in ing  t h e  mixed phases;  porous p o r c e l a i n  b a r r i e r s  are 

used t o  s e p a r a t e  t h e  e l e c t r o d e s .  These techniques need more s tudy  t o  

determine i f  they are compet i t ive  wi th  t h e  U(1V) and Fe(I1)  r educ t ion  

methods. 

D i spos i t i on  of Uranium., - It seems l i k e l y  t h a t ,  f o r  many decades,  

makeup uranium f o r  t h e  LMFBR f u e l  cyc le  w i l l  b e  der ived  from t h e  s tock-  

p i l e  of gaseous d i f f u s i o n  t a i l i n g s  r a t h e r  t han  by r ecyc le  of uranium 



from LMFBR f u e l  process ing  p l a n t s .  

simply b e  s t o r e d  u n t i l  needed. 

from t h e  f i r s t  cyc le  may b e  s u f f i c i e n t l y  decontaminated t h a t  i t  can b e  

evaporated and s t o r e d  as concent ra ted  u rany l  n i t r a t e  s o l u t i o n  o r  as t h e  

hydrated s o l i d .  A l t e r n a t i v e l y ,  t h e  f i r s t - c y c l e  product s o l u t i o n  can be  

concent ra ted  and processed through a d d i t i o n a l  TBP cyc le s  t o  achieve 

t h e  p u r i t y  t h a t  would al low e i t h e r  easier i n t e r i m  s t o r a g e  o r  d i r e c t  

r e t u r n  t o  t h e  r e a c t o r  f u e l  cyc le .  

The l a t t e r  uranium w i l l  probably 

The u rany l  n i t r a t e  product  s o l u t i o n  

4.7.2 Solvent  Damage i n  t h e  Purex Process  

It i s  known t h a t  TBP decomposes s lowly i n  a c i d  s o l u t i o n  (by 

dea lky la t ion  and hydro lys i s )  during process ing  t o  form p r i n c i p a l l y  

d ibuty lphosphor ic  a c i d  (DBP), a long wi th  much smaller amounts of 

monobutylphosphoric a c i d  (MBP), and t h a t  t h e  rates of t h e s e  r e a c t i o n s  

are enhanced i n  a h igh  r a d i a t i o n  f i e l d .  

a t  s u f f i c i e n t  concen t r a t ions ,  decrease  decontamination from f i s s i o n  

products  and i n c r e a s e  uranium and plutonium r e t e n t i o n  by t h e  so lven t  

The DBP and MBP, when p r e s e n t  

during s t r i p p i n g .  

emulsions which, under extreme cond i t ions ,  can even tua l ly  cause shut- 

down of t h e  system. 

wash i n  each cyc le  t o  remove DBP and MBP from t h e  s o l v e n t  and t o  pre- 

vent  t h e i r  accumulation t o  t h e  l e v e l  where such process  problems are 

encountered. 

They can c o n t r i b u t e  t o  t h e  formation of  "cruds" and 

The normal Purex f lowsheet  i nc ludes  an a l k a l i n e  

Fuel  s o l u t i o n s  der ived  from high-burnup, short-cooled f a s t  r e a c t o r  

f u e l s  may have r a d i a t i o n  power d e n s i t i e s  ranging from 5 t o  50 ( B  + y) 

w / l i t e r ,  depending on t h e  heavy metal concen t r a t ion  i n  t h e  aqueous feed 

and on whether t h e  co re  i s  processed s e p a r a t e l y  o r  i n  combination wi th  

t h e  b lanket .  The ques t ion  has  been r a i s e d  as t o  whether problems a r i s i n g  

from so lven t  i r r a d i a t i o n  damage e f f e c t s  may prec lude  s u c c e s s f u l  appl ica-  

t i o n  of t h e  Purex process  t o  t rea tment  of t h e s e  h igh ly  r a d i o a c t i v e  

s o l u t i o n s .  There are two a d d i t i o n a l  f a c t o r s  r e l a t i n g  t o  p o t e n t i a l  so l -  

vent  damage t h a t  must b e  cons idered  and which have been of  n e g l i g i b l e  

importance i n  p a s t  Purex exper ience  wi th  thermal  r e a c t o r  f u e l s :  
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1. 

2. 

The 

The r e l a t i v e l y  h igh  concen t r a t ion  o f  plutonium, p a r t i c u l a r l y  

238Pu, i n  t h e  o rgan ic  e x t r a c t  p rovides  a cont inuing source  

of r a d i a t i o n  a f t e r  t h e  e x t r a c t a n t  leaves t h e  e x t r a c t i o n  s e c t i o n .  

When a s i g n i f i c a n t  concen t r a t ion  of  r ad io iod ine  i s  p resen t  i n  

a f eed  obta ined  by d i s s o l v i n g  short-cooled f u e l ,  t h e  i o d i n e  

may accumulate i n  t h e  o rgan ic  phase,  g iv ing  i t  a h igh  back- 

ground a c t i v i t y  l e v e l  and causing f u r t h e r  degrada t ion .  

radiation-enhanced degrada t ion  of  process  s o l v e n t s  has  been 

s t u d i e d  a t  many l a b o r a t o r i e s .  

Ex t r ac t ion  Chemistry Symposium18 i n  Gat l inburg  , Tennessee,  i n  1962, 

and a t  t h e  I n t e r n a t i o n a l  Conference on t h e  Solvent  Ex t rac t ion  Chemistry 

of Metals" a t  Harwell, Great B r i t a i n ,  i n  1965 g i v e  good accounts  of  

many of t h e s e  s t u d i e s  and inc lude  ex tens ive  b i b l i o g r a p h i e s .  Many of 

t hese  d a t a  have, i n  t u r n ,  been summarized by Salomon and Lopez-Menchero. 

P a p e r s  p resented  a t  t h e  Solvent  

20 

21  Blake made an  ex tens ive  survey of t h e  l i t e r a t u r e  r e l a t i n g  t o  

so lven t  r a d i a t i o n  damage and came t o  t h e  fol lowing main conclusions:  

1. Most of t h e  prev ious  l abora to ry  tests are of  l i t t l e  o r  no 

use as a b a s i s  f o r  p r e d i c t i n g  r a d i a t i o n  damage e f f e c t s  i n  

a c t u a l  f u e l  process ing .  This  i s  because,  t o  o b t a i n  measurable 

e f f e c t s ,  a l a b o r a t o r y  exposure f r equen t ly  cons i s t ed  of one 

massive dose,  which w a s  w e l l  i n  excess  of t h a t  a n t i c i p a t e d  

during each c y c l e  of LMFBR f u e l  process ing .  I n  a d d i t i o n  t o  

the p o s s i b i l i t y  of causing secondary r a d i a t i o n  e f f e c t s ,  t h e  

"one-shot" exposure e l i m i n a t e s  p o s s i b l e  amel iora t ing  e f f e c t s  

t h a t  may r e s u l t  each t i m e  t h e  s o l v e n t  pas ses  through t h e  

normal ex t rac t ion-scrub-s t r ip-c leanup cyc le  whi le  accumulating 

t h e  same t o t a l  dose i n  a continuous process .  Fu r the r ,  where- 

as i t  has  been e s t a b l i s h e d  t h a t  degrada t ion  proceeds by t h e  

chemical r e a c t i o n  of o rgan ic  and aqueous phase components and 

t h a t  t h e  extent of  r e a c t i o n  i s  enhanced by r a d i a t i o n ,  many of 

t h e  l abora to ry  s o l v e n t  i r r a d i a t i o n  s t u d i e s  have been made 

wi thout  t h e  aqueous phase p re sen t .  



2.  I n  most of  t h e  e a r l y  tests, kerosenes and "naphthas," as 

t y p i f i e d  by "odor less  kerosene' '  and Amsco 125-82, were used. 

These d i l u e n t s  ( con ta in ing  branched and c y c l i c  p a r a f f i n s )  were 

cons idered  t o  b e  e s s e n t i a l l y  i n e r t  during most of t hese  exper i -  

ments. The f a l l a c y  o f  t h i s  op in ion  has  been e s t a b l i s h e d ,  and 

t h e  more-stable - n-paraf f in  hydrocarbons are now favored f o r  

process  use.  It appears  l i k e l y  t h a t  many of  t h e  t es t  r e s u l t s  

w i th  a c i d i f i e d  o rgan ic  phases,  p a r t i c u l a r l y  those  obta ined  a t  

t h e  h igh  i r r a d i a t i o n  dose l e v e l s ,  were apprec iab ly  inf luenced  

by t h e  presence  of degrada t ion  products  of  t h e  d i l u e n t  as w e l l  

as by degrada t ion  products  of  TBP. Thus, t h e  e x t r a p o l a t i o n s  

of t e s t  r e s u l t s  ob ta ined  using t h e s e  d i l u e n t s  t o  t h e  much more 

s t a b l e  TBP--n-dodecane - system, which w i l l  almost c e r t a i n l y  b e  

used i n  process ing  LMFBR f u e l  s o l u t i o n s ,  are n o t  always meaning- 

f u l .  

Small-scale Cyc l i c  T e s t s .  - To more c l o s e l y  approximate p l a n t  

ope ra t ions ,  r e sea rche r s  a t  Windscale set up a cont inuous r ecyc le  

experiment i n  which t h e  s o l v e n t  phase w a s  contac ted  wi th  feed s o l u t i o n  

i n  a 'OS, r a d i a t i o n  f i e l d  and then  sub jec t ed  t o  scrubbing,  s t r i p p i n g ,  

and cleanup. The s o l v e n t  cont inued t o  perform s a t i s f a c t o r i l y ,  even 

a f t e r  an accumulated exposure of 20 w h r / l i t e r  (0.125 whr liter- '  

cycle-'). 

22 

Recently a t  ORNL, t h r e e  ba tch  c y c l i c  tests w e r e  completed i n  which 

60 
t h e  s o l v e n t ,  i n  c o n t a c t  w i t h  U02(N0 ) --HNO 

by a Co source  i n  increments of  0.3, 1.0,  o r  2.0 whr l i t e r  cyc le  

u n t i l  t h e  i n t e g r a t e d  r a d i a t i o n  doses  reached 6 t o  10 w h r / l i t e r .  23 

a l l  of t h e  tests, inc lud ing  c h a r a c t e r i z a t i o n  tests on samples of  t h e  

i r r a d i a t e d  s o l v e n t ,  phase s e p a r a t i o n s  were r a p i d  and sha rp ,  wi th  no 

evidence of any s o l i d s  formation. 

exposures had no observable  e f f e c t  on t h e  so lven t .  

plutonium and uranium and e x t r a c t i o n s  of ruthenium and zirconium were 

e s s e n t i a l l y  i d e n t i c a l  t o  t h e  r e s u l t s  ob ta ined  i n  comparative tests 

wi th  u n i r r a d i a t e d  so lven t .  

t h e  only observed changes were an  i n c r e a s e  i n  t h e  e x t r a c t i o n  of  9 5 Z r  

s o l u t i o n ,  was i r r a d i a t e d  
-1 -1 3 2  3 

I n  

The 0.3-whr-per-liter-per-c~cle 
St r ipp ing  of 

-1 A t  exposures  of 1.0 o r  2.0 whr l i t e r - ' cyc le  , 
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and a s l i g h t  i n c r e a s e  i n  r e t e n t i o n  of uranium by t h e  i r r a d i a t e d  s o l v e n t .  

Although t h e  d a t a  were somewhat s c a t t e r e d ,  t h e  average zirconium ext rac-  

t i o n  c o e f f i c i e n t  ob ta ined  wi th  u n i r r a d i a t e d  s o l v e n t  w a s  0.013. This  

compared wi th  average c o e f f i c i e n t s  of  0.011, 0.027, and 0.036 when t h e  

exposures p e r  cyc le  w e r e  0.3, 1 .0 ,  and 2.0 w h r / l i t e r ,  r e s p e c t i v e l y .  A t  

t h e  l a t te r  two exposure l e v e l s ,  t h e  zirconium e x t r a c t i o n  c o e f f i c i e n t s  

d i d  n o t  i n c r e a s e  wi th  cyc l ing ,  i n d i c a t i n g  t h a t  t h e  degrada t ion  products  

(presumably most ly  d ibuty lphosphor ic  ac id )  r e spons ib l e  f o r  t h e  increased  

zirconium e x t r a c t i o n  were removed e f f e c t i v e l y  by t h e  a l k a l i n e  wash treat- 

ment. 

w a s  d e t e c t a b l e  i n  t h e  tes ts  i n  which t h e  per-cycle  exposures w e r e  1.0 and 

2.0 w h r / l i t e r ,  t h i s  w a s  of n e g l i g i b l e  importance s i n c e ,  a t  a l l  r a d i a t i o n  

l e v e l s ,  t h e  amounts r e t a i n e d  were less than  0.1% of t h e  t o t a l  uranium. 

Although s l i g h t  r e t e n t i o n  of uranium by t h e  s o l v e n t  a f t e r  s t r i p p i n g  

Cycl ic  tests similar t o  t h e  6oCo tests a l s o  were made a t  OWL wi th  

feed s o l u t i o n s  prepared by leaching  i r r a d i a t e d  LMFBR f u e l  specimens. 

Some 'OS, w a s  added t o  one of t h e  feed s o l u t i o n s  t o  i n c r e a s e  i t s  r a d i a t i o n  

dens i ty .24  

through f i v e  complete cyc le s  a t  a s o l v e n t  dose l e v e l ,  p e r  c y c l e ,  of about 

0 . 3  w h r / l i t e r .  

No d e l e t e r i o u s  e f f e c t s  on s o l v e n t  performance were de tec t ed  

Product ion  Experience.  - Although t h e  s ing le -cyc le  doses  rece ived  by 

process  s o l v e n t s  a t  t h e  Savannah River  and Hanford p l a n t s  are n o t  accu- 

r a t e l y  known and are  probably r e l a t i v e l y  low, t h e  cumulat ive doses  rece ived  

are undoubtedly h igh .  For example, t h e  Savannah River  p l a n t  uses  a TBP-- 

- n-pa ra f f in  s o l v e n t  phase t h a t  has  been s u f f i c i e n t l y  recyc led  t o  accumulate 

doses of t ens  of watt-hours p e r  l i t e r ;25  y e t  t h e  uranium--fission product  

decontaminat ion f a c t o r s  remain h igh ,  and p h y s i c a l  performance of t h e  

s o l v e n t  is  s a t i s f a c t o r y .  Th i s  i s  s i g n i f i c a n t  from two s t andpo in t s :  

(1)  degrada t ion  products  of TBP are being removed i n  t h e  washing cyc le  

t o  a low concen t r a t ion  l e v e l ,  and (2) degrada t ion  products  of t h e  d i l u e n t ,  

which are n o t  expected t o  b e  removed i n  t h e  s o l v e n t  washes, have n o t  

accumulated t o  l e v e l s  t h a t  s e r i o u s l y  impai r  decontamination. 

I 
,. . I 

I 
i .  

The r e s u l t s  ob ta ined  a t  ORNL during t h e  process ing  of i r r a d i a t e d ,  

short-decayed thorium f u e l  by t h e  Thorex process  have o f t e n  been c i t e d .  
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The feed s o l u t i o n s  i n  t h e s e  runs had r a d i a t i o n  d e n s i t i e s  of about 10 

w h r / l i t e r .  

w i th  s o l v e n t  r a d i a t i o n  damage, were encountered i n  t h e s e  tests; conse- 

quent ly ,  r e s u l t s  of t h i s  test  program cannot b e  e x t r a p o l a t e d  t o  p r e d i c t  

t h e  s o l v e n t  damage e f f e c t s  t h a t  would occur i n  t h e  processing of f a s t -  

r e a c t o r  f u e l  s o l u t i o n s .  

However, o p e r a t i o n a l  problems, n o t  n e c e s s a r i l y  a s s o c i a t e d  26 

Poss ib ly  t h e  most convincing demonstration of s a t i s f a c t o r y  s u s t a i n e d  

o p e r a t i o n  i n  which t h e  s o l v e n t  r ece ived  a r e l a t i v e l y  high s ing le -cyc le  

dose (- 1 . 4  w h r / l i t e r )  w a s  i n  processing f a s t - r e a c t o r  uranium-molybdenum 

f u e l s  a t  Dounreay. 

t h i s  ope ra t ion ,  i t  w a s  s t a t e d  t h a t :  

I n  a paper27 by R. H. A l l a r d i c e  of Dounreay desc r ib ing  

"Active o p e r a t i o n  of t h e  D.E.R.E. F a s t  Reactor reprocessing 
p l a n t  on i r r a d i a t e d  f u e l  which has  produced a f eed  a c t i v i t y  of 
> 2 c u r i e s  By a c t i v i t y  p e r  m i l l i l i t e r  has  n o t  r e s u l t e d  i n  any 
in supe rab le  e f f e c t s  on t h e  p l a n t  s o l v e n t  which i s  t r i b u t y l  
phosphate i n  o d o r l e s s  kerosene. A t  t h e s e  levels t h e  s o l v e n t ,  
al though exposed t o  a c a l c u l a t e d  r a d i a t i o n  exposure of 1 .4  
watt-hours p e r  l i t e r  p e r  pass  does no t  r e t a i n  f i s s i l e  material 
and does n o t  markedly i n f l u e n c e  e i t h e r  t h e  decontamination per- 
formance o r  t h e  p h y s i c a l  behavior  of t h e  f i r s t  cycle .  The 
s o l v e n t  does r e t a i n  f i s s i o n  product y a c t i v i t y  b u t  t o  an e x t e n t  
which does n o t  cause any o p e r a t i o n a l  d i f f i c u l t i e s ,  a p a r t  from 
p r o t e c t i n g  t h e  o p e r a t o r s  from y r a d i a t i o n .  Cons i s t en t  s o l v e n t  
wash decontamination f a c t o r s  are obtained and t h e r e  is  no 
d e t e c t a b l e  d i f f e r e n c e  i n  p h y s i c a l  behavior  and p r o p e r t i e s  
between fresh-washed s o l v e n t  and p l a n t  so lven t . "  

Behavior of Iodine.  - I n  t h e  processing of LMFBR f u e l s ,  i t  w i l l  b e  

important t o  remove most of t h e  i o d i n e  from the'  f u e l  i n - t h e  process  s t e p s  

p r i o r  t o  s o l v e n t  e x t r a c t i o n  i n  o r d e r  t o  f a c i l i t a t e  c o n t r o l  of r ad io iod ine  

release from t h e  processing s i t e  (see Sect .  4.10). However, s i n c e  s i g n i f -  

i c a n t  amounts of i o d i n e  may s t i l l  be p re sen t  i n  t h e  s o l v e n t  e x t r a c t i o n  

f eed ,  ob ta in ing  a b e t t e r  understanding o f  i t s  p o t e n t i a l  behavior  i n  t h e  

s o l v e n t  e x t r a c t i o n  system is  important.  The e x t r a c t a b i l i t y  of t h e  i o d i n e  

by Purex s o l v e n t  depends on t h e  p a r t i c u l a r  s p e c i e s  p r e s e n t ;  e lemental  

i o d i n e  i s  r e a d i l y  e x t r a c t e d ,  wh i l e  t h e  i o d i d e  and i o d a t e  s p e c i e s  are n o t  
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e x t r a c t e d .  No 

feed s o l u t i o n s  

mental  i od ine .  

! 
s i g n i f i c a n t  amount of i o d i d e  i o n  should b e  p r e s e n t  i n  t h e  

s i n c e  i t  o x i d i z e s  read$ly. ' fn n i t r i c  a c i d  t o  produce ele- 

It is  known t h a t  Iy . - readi ly  wi th  t h e  

s o l v e n t  t o  f o r m  o r g a i i  

up treatment.,! I n  $ i a  

had aged i n  a TBPS:-n-:d 

e s o l v e n t  clean- 
. .  

. '  ' 

. . , - . .  : ,  , I ,  

, .  

a sodium car$onat<--sodi& ; t h i o s u l f a t e  s 'olution.,  .whereas' more than  90% 

w a s  s t r i p p e d !  by &.is*! s o S u t i o n  1 h r  a f t e r  t h e  e x t r a c t i o n .  
I . , '  

D ~ u n r e a y ~ ~ .  f b k d  . t h a t  about , : .  :one-half o f  t h e  i o d i n e  w a s  e x t r a c t e d  from 

88-day-cooled ur&$qb-moiykbdenum f u e l  s o l u t i o n .  

e x t r a c t e d  w a s  r e t a i n e d  by t h e  o rgan ic  phase a f t e r  scrubbing,  sk r ipp ing ,  

and a l k a l i n e  wash$ng o.f.'jthe s o l v e n t .  

s t a b l e  i o d i n e  p r s o r  ' t o  use,  t h e  rafe of '  bu i ldup  of r a d i o a c t i v e  i o d i n e  
.,: : : ' 

w a s  decreased.  ; '  

/ I  .' . .  
. I  . 

Workers a t  . .  

, ! i  i 

E s s e n t i a l l y  a l l  of t h a t  
1 : : ;  

I !  ' ?  , 
When t h e  s o l v e n t  w a s  s a t ' u r a t ed  wi th  

~ i i  : , I  

I t  
I 

I I i i  ! 
I I I- '  ' . I  

An ORNL e s t j i m a t e ' .  i n d i c a t e s  t h a t  t h e  r a d i a t i o n  dose r e s u l t i n g  from 

t h e  accwu1a t ion :o f  r a d i o i o d i n e  i n  t h e  s o l v e n t  would n o t  i n c r e a s e  t h e  

per-cycle s o l v e n t  r a d i a t i o n  dose obtained i n  pulsed columns by mpre than 

30% over '  t h a t  ob ta ined  i f  'no i o d i n e  were i n  t h e  system. 

assumes , t h a t  'no more t.han 1% of t h e  i o d i n e  p r e s e n t  i n  30-day-cooled LMFBR 

f u e l  would b e  p resen t  i n  t h e  aqueous feed t.o s o l v e n t  e x t r a c t i o n .  

This  estimate 

Solvent Dose E s t i m a t k s .  - ORNL estimates (Sect .  4.7.6) i n d i c a t e  

t h a t  i n  processing 30-day-cooiled mixed co re  and b l a n k e t  material i n  

pulsed columns, t h e  s o l v e n t  r a d i a t i o n  dose would b e  about 0 .1  whr l i ter- '  

cyc le  . 
10% of  Fhe t o t a l  dose. 

f lowsheet  (7 g P u / l i t e r  i n  t h e  aqueous f eed ,  15% TBP s o l v e n t )  i n  geometri- 

c a l i y  u n r e s t r i c t e d  equipment. Considerably h i g h e r  doses would r e s u l t  from 

processing more concentrated f eeds ,  p a r t i c u l a r l y  those  de r ived  from disso-  

l u t i o n  of co re  material a lone.  

s o l v e n t  dose during processing i n  pulsed columns should n o t  exceed 0.5 

whr l i t e r  and would probably b e  considerably lower than  t h i s  

va lue .  I n  f a s t  con tac to r s  such as t h e  Savannah River c e n t r i f u g a l  contac- 

t o r  and t h e  ORNL stacked-clone c o n t a c t o r s ,  t h e  s o l v e n t  dose would. be 5 

-1 The a lpha  r a d i a t i o ;  dose from plutonium accounts f o r  less than 

The e s t i m a t e s  assume use  of a r e l a t i v e l y  d i l u t e  

I n  any case, however, i t  appears  t h a t  t h e  

-1 -1 c y c l e  



t o  10 times lower than  i n  pulsed c o l q n s  (Sect. 4.7.6). 
p o t e n t i a l  importance of s o l v e n t - r a d i a t i o n  d p g g e  i n  LMFBR f u e l  proc: 

esging appears ,  t h e r e f o r e ,  t o  e n t a i l  d e f i n i t i o n  of single.-cycSg e f f e c t s  - 

and cumulative e f f e c t s  w i th  cyc l ing  on s o l v e n t  performance when t h e  dose 

is i n  t h e  range o f  0.05 t o  0.5 whr liter-' cycle-'. 

a v a i l a b l e  information,  i t  appears  t h a t  t h e s e  e f f e c t s  should be: s m a l l .  

Add i t iona l  experiments,  e s p e c i a l l y  engineer ing-scale  e x p e r 9 e n t s  w i th  

h-ighly r a d i o a c  

v a l i d i t y  of t h e  solvent-dose estimates. 

-&sessment of t h e  

, 
- 1  

On t h e  baLis  of 
I 

1 
e feeds,  are needed t o  confirm t h j s  conclus,ion and the  

1 1  i 1 ; i  
Solvent  Cleanup. - Dibutylphosphoric a c i d  (DBP) and monpbutyl: 

phosphoric a c i d  (MBP) , t h e  p r i n c i p a l  degradat ion products  ofi  TBF, are 

removed e f f i c i e n t l y  from t h e  s o l v e n t  by scrubbing t h e  l a t t e r /w i :h  a 

s o l u t i o n  of sodiym carbonate  o r  sodium hydroxide. 18'1g' 22 Ti?! $ l k a l i n e  

t reatment  decomposes m e t a l '  sal ts  ofi;ihese a c i d s  [ e  .g . , U02 (DBP) i? 
Z r O  (DBP.) 2 ,  e tc. ] t o  produce,,thp S-odium 

u s u a l l y  a t  e l g v a t e d  temperatures ,  myst b e  a t t a i n e d  f o r  m q i m $ n , e f f i c j e n c y .  

The Savannah River p l a n t  u ses  a turbomixer of s p e c i a l  design bo ensu re  

good con tac t .  

wash and f i l t r a t i o n  t o  i n c r e a s e  t h e  e f f i c i e n c y  of f i s s i o n  pro$& removal. 

Naylor?' has s q p  

domestic and f o r e i g n  p l a n t s  (Table 4.3). i : ,  

- 

i )  

I 1 :  I 

/-. ; 
ts, which d i s t r i b u t e ,  dlmost 

q u a n t i t a t i v e l y  t o  the--aqueous ,-, phase. E f f i c i e n t  c o n t a c t  of the i t  !phages, 
t ) I  

. ,  

,The a l k a l i n e  wash is  o f t e n  Coupled wi th  a dglule .  a c i d  
i '  

zed t h e  t reatment  procedures usgd by a n i b e r  ; * .  o f  
I 1  

A lka l ine  washes are n g t  e f f e c t i v e  f o r  removing c e r t a i n  di lugnt  
! 

n i t r a t i o n  productg o r  TBP n i t r a t i o n  products  t h a t  r e t a i n  f i s s i o n  products ,  

18,19 A number of treatpent p a r t i c u l a r l y  zirconium-niobium and ruthenium. 

methods, i nc lud ing  scrubbing wi th  a l k a l i n e  s o l u t i o n s  containing complexing 

agents  o r  con tac t ing  w i t h  s o l i d .  adsprbents  such as a c t i v a t e d  alumina; z i r -  

conia ,  s i l i ca ,  cha rcoa l ,  and b g n t o n i t e ,  have been used wi th  varying degrees 

of success  t o  remye t h e  f i s s i o n  products  from t h e  so lven t .  These methods, 

however, are y s u a l l y  n o t  e f f e c t i v e  f o r  removing t h e  offending d i+ent  degra- 

d a t i o n  products  which again g i v e  t r o u b l e  i n  t h e  subsequent cys l e .  

r e c e n t  y e a r s  t h e  kerosene and naphtha-type d i l u e n t s  have been replaced i n  

many processing - .  p l a n t s  by - n-paraf f i n  hyhrocarbons ( p r i m a r i l y  - n-dodecane) 

d i l u e n t s .  

I- 

I n  

me la t te r  are much more s t a b l e ,  and t h e  importance of problems 



Table h . 3 .  Solvent Washing Techniques Used i n  Purex-Type Processes 

Solvent Wash Steps 

Plant 1 2 3 h 5 

Euroc hemic, F i l t ra t ion  
Belgium 

Marcoule, 0.5 E N+CO, i n  las t  

contac t o r  
France mixer of backwash 

La Hague, Na,CO, 
France (70°C)  

0.25 E Na,CO, i n  mixer- 
s e t t l e r  s 

Filtration through 10- 
to-20-p sintered column 
stainless steel  ( 60°C ) 

Fi l t ra t ion  

0.5 y Na,CO, i n  packed 

NaOH Na,CO, 

Windscale, 0.01 M HNO, i n  h-stage 0.1 M Na,CO, i n  Holley- 0.1 M NaOH i n  h-stage 
U. K. mixerlsett ler (25'C) Mott-contactor (60°C) mixer-settler (60'C) 

i M HNO, i n  packed 
column 
(25OC) 

Filtration 

0.01 HNO, i n  2-  
stage mixer-settler 
(75°C) 

Hanford, 0.23 _M Na,CO, + 0.05 0.32 M HNO, i n  a pulsed 0.2% E Na,CO, i n  a 
turbomix contactor u. s. KMnO, i n  a special con- colum~ (50°C) 

tac tor  (50°C) (LOOC) 

0.2h M Na,CO, i n  a turbo- Dilute acid i n  a turbo- 0.38 M NaOH i n  a turbo- F i l t ra t ion  through a Savannah 
River, mix cZntactor ( 5 5 " ~ )  mix contactor (25°C) mix contactor ( 5 5 " ~ )  bed of f iberglass 
u. s. 

0 .2  Na,CO, i n  a 0 . 2  _M Na,CO, i n  a 2-  
stage mixer - s e t t l e r  

NFs, u. s. column 
0.01 M HNO, i n  a 
column 

Fi l t ra t ion  
through 8-11 sin- 
tered s ta in less  
s tee l  

1 HNO, i n  
mixer-settler 2 

Iu 
r 



a s s o c i a t e d  wi th  d i l u e n t  deg rada t ion  p roduc t s  has  g r e a t l y  diminished. 18,19 

The n e t  e f f e c t  of t h i s  has  been t o  s i m p l i f y  t h e  t reatment  procedures needed 

f o r  e f f i c i e n t  s o l v e n t  r egene ra t ion .  

Steam and f l a s h  d i s t i l l a t i o n  have been suggested as p o s s i b i l i t i e s  f o r  

providing e f f i c i e n t  p u r i f i c a t i o n  of degraded s o l v e n t s .  31-33 D i s t i l l a t i o n  

is  appa ren t ly  too  expensive t o  b e  used a f t e r  each cyc le  b u t  might be used 

p e r i o d i c a l l y  f o r  p u r i f y i n g  t h e  s o l v e n t .  

I n  processing f u e l  s o l u t i o n s  con ta in ing  s i g n i f i c a n t  amounts of i o d i n e ,  

apprec i ab le  accumulation of i o d i n e  i n  t h e  s o l v e n t  i n  t h e  form of o rgan ic  

iod ides  can b e  expected, as d i scussed  p rev ious ly .  No a t t ract ive method f o r  

removing t h e s e  from t h e  s o l v e n t  phase is  known. The l3lI, which is  t h e  

p r i n c i p a l  i o d i n e  i s o t o p e  o f  concern, would e v e n t u a l l y ,  of course,  tend t o  

reach a s t e a d y - s t a t e  concen t r a t ion  i n  t h e  s o l v e n t  s i n c e  i t  i s  c o n t i n u a l l y  

l o s t  by decay. 

The s o l v e n t  t r ea tmen t  methods p r e s e n t l y  used i n  processing p l a n t s  

provide adequate cleanup of t h e  s o l v e n t  s o  t h a t  e f f i c i e n t  product decontam- 

i n a t i o n  i s  achieved r o u t i n e l y .  The number and sequence of t reatment  s t e p s  

vary from p l a n t  t o  p l a n t ;  however, a t  p r e s e n t ,  t h e r e  i s  no good b a s i s  f o r  

choosing t h e  optimum procedure.  

used when LMFBR f u e l s  are processed, presumably t h e  more s i m p l e  of t h e  

s o l v e n t  cleanup procedures  w i l l  b e  s u i t a b l e .  

s imu la t ing  t h e  processing of LMF’BR f u e l s  w i th  15% TBP--n-dodecane - a t  O m ,  

O f  

t h e  f i s s i o n  p roduc t s ,  only I3l1 accumulated i n  t h e  s o l v e n t  w i th  cyc l ing .  

The carbonate  wash decreased t h e  i o d i n e  concen t r a t ion  i n  t h e  s o l v e n t  e n t e r i n g  

t h e  system by 20 t o  35%. 

Since - n-dodecane d i l u e n t  w i l l  probably b e  

I n  a ba t ch  c y c l i c  demonstration 

a two-stage wash wi th  sodium carbonate  s o l u t i o n  appeared adequate. 24 

4 . 7 . 3  A l t e r n a t i v e  E x t r a c t a n t s  

Over t h e  p a s t  25 y e a r s ,  many e x t r a c t a n t s  of v a r i o u s  types and s t r u c t u r e s  

have been developed f o r  use i n  t h e  recovery of metals. 

plutonium and uranium from n i t r a t e  s o l u t i o n s ,  only t h e  phosphonates, t h e  

long-chain alkylamines,  and c e r t a i n  organophosphorus esters similar t o  

TBP appear worthy of s e r i o u s  c o n s i d e r a t i o n  as a l t e r n a t i v e s  t o  TBP. 

Of those  which e x t r a c t  
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The phosphonates [ e.g . , dibutylbutylphosphonate  (DBBP) ] have e x t r a c t i o n  

p r o p s r t i e s  similar t o  those  of TBP b u t  e x t r a c t  uranium and plutonium more 

s t r o n g l y  a t  equ iva len t  a c i d  concent ra t ions .  3 4 ' 3 5  

advantage i n  t h e  e x t r a c t i o n  c y c l e ,  i t  i s  a disadvantage i n  t h e  s t r i p p i n g  

cyc le .  I n  a d d i t i o n ,  DBBP e x t r a c t s  f i s s i o n  products  more s t r o n g l y  than TBP, 

making i t  d i f f i c u l t ' t o  o b t a i n  decontamination f a c t o r s  equ iva len t  t o  those 

obtained wi th  TBP. 

i n  s u b s t i t u t i n g  a phosphonate f o r  TBP. 

I 

Although t h i s  is an 

A t  p re sen t  t h e r e  appears  t o  be no s i g n i f i c a n t  advantage 

The long-chain alkylamines e x t r a c t  both uranium and plutonium from 

n i t r i c  a c i d ;  t h e  e x t r a c t i o n  power v a r i e s  over  a wide range,  depending 

on t h e  amine type and s t r ~ c t u r e . ~  

amines have adequate  Pu(1V) e x t r a c t i o n  power f o r  e f f i c i e n t  plutonium re- 

covery,  b u t  only t h e  qua ternary  amines, and poss ib ly  t h e  t e r t i a r y  amines, 

have adequate uranium e x t r a c t i o n  power t o  a l low coex t r ac t ion  of uranium 

and plutonium from n i t r i c  ac id .  Presumably, an  amine process  f o r  co- 

recovery of plutonium and uranium could b e  developed; however, based on 

p resen t  knowledge, i t  i s  n o t  apparent  t h a t  t h e  pro6ess  would be  b e t t e r  than 

( i f  as good as) t h e  Purex process .  

t h a t  they provide r e l a t i v e l y  poor decontamination from ruthenium, which w i l l  

be  p re sen t  i n  l a r g e  amounts i n  i r r a d i a t e d  LMFBR f u e l s .  Amine e x t r a c t i o n  has  

been s t u d i e d  ex tens ive ly ,  36-38 and is p r e s e n t l y  used i n  France ins tead  of 

ion  exchange f o r  t h e  f i n a l  p u r i f i c a t i o n  of plutonium. It  appears  t o  be much 

more a t t ract ive f o r  t h i s  use ( see  Sect. 4 . 8 )  than f o r  f i r s t - c y c l e  a p p l i c a t i o n .  

The secondary, t e r t i a ry ,  and qua ternary  

A major disadvantage of t h e  amines i s  

Use of a phosphad  ester wi th  longer  a l k y l  cha ins  than TBP (e .g . ,  

t r ihexylphosphate)  may have some important  process  advantages.  

compounds have almost t h e  same e x t r a c t i o n  p r o p e r t i e s  as TBP bu t  much 

lower d i s t r i b u t i o n s  t o  t h e  aqueous phase and less tendency toward th i rd -  

phase formation. 

These 

The former i s  p a r t i c u l a r l y  important  s i n c e  i t  should 

g r e a t l y  decrease  t h e  tendency f o r  p r e c i p i t a t e  (crud)  formation i n  t h e  

s o l v e n t  e x t r a c t i o n  system and i n  evapora tors  and r e s u l t  i n  t h e  prepara- 

t i o n  of a f i n a l  product s o l u t i o n  t h a t  i s  contaminated wi th  only a s m a l l  

amount of t h e  o rgan ic  phosphate e x t r a c t a n t .  
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4.7.4 Contact ing Equipment 

Three main types  of con tac to r s  have been used s u c c e s s f u l l y  i n  p i l o t  

and product ion ope ra t ions  of t h e  Purex process .  Pulsed columns (Fig.  4.10) 

have been u t i l i z e d  most ex tens ive ly .  

c u r r e n t l y  i n  product ion use a t  t h e  Hanford and Idaho f a c i l i t i e s  and a t  t h e  

NFS p l a n t ,  and w i l l  b e  used i n  t h e  new General  E l e c t r i c  p l a n t .  

I n  t h e  United States, they are 

Mixe r - se t t l e r s  were used f o r  s e v e r a l  yea r s  a t  t h e  Savannah River  p l a n t  

and performed c r e d i t a b l y .  Recently,  they were rep laced  by c e n t r i f u g a l  

con tac to r s  (Fig.  4.11),  which have a l s o  performed s a t i s f a c t o r i l y .  The 

lat ter type  of con tac to r  i s  c l a s s i f i e d  as a " f a s t  contac tor , "  s i n c e  t h e  

res idence  t i m e s  of t h e  phases  i n  t h e  con tac to r  are very  s h o r t  and t h e  so l -  

vent  r a d i a t i o n  exposure i s  correspondingly low. Another f a s t  con tac to r ,  

t h e  stacked-clone con tac to r ,  (Fig.  4.12) i s  p r e s e n t l y  being developed a t  

OWL. 

wi th  r a d i o a c t i v e  f e e d s ,  

Although i t  shows cons iderable  promise,  i t  has  n o t  y e t  been t e s t e d  

. -  
As compared w i t h  pulsed  columns and mixer-settlers, f a s t  con tac to r s  

have the  advantages of lower s o l v e n t  r a d i a t i o n  exposure,  smaller s i z e ,  

smaller s o l v e n t  inventory  (reduced f i r e  haza rd ) ,  b e t t e r  c o n t r o l  of c r i t i -  

c a l i t y ,  and more r a p i d  adjustment  t o  s t eady- s t a t e  condi t ions  a f t e r  s t a r t - u p  

flow ad j us tment i 

Puised Columns. - Pulsed columns have been t h e  s u b j e c t  of much 

Groenier  -- e t  al.41 c o r r e l a t e d  ope ra t ing  d a t a  from many sources ,  s tudy .  39s40 

inc luding  some t h a t  w e r e  ob ta ined  from radiochemical  ope ra t ions .  

d a t a  contained no documented evidence t h a t  t h e  r a d i a t i o n  f i e l d  had a s i g n i f -  

i c a n t  e f f e c t  on column performance. However, t h e  r a d i a t i o n  power d e n s i t y  

i n  t h e  columns w a s  r e l a t i v e l y  low, and adverse  e f f e c t s  could conceivably 

show up i n  t h e  t rea tment  of short-cooled LMFBR f u e l s  s i n c e ,  i n  t h i s  ca se ,  

t h e  r a d i a t i o n  dose t o  t h e  s o l v e n t  would b e  h igher .  The i r  r e p o r t  i nc ludes  

an ex tens ive  b ib l iography of documents desc r ib ing  t h e  cons t ruc t ion  f e a t u r e s ,  

o p e r a t i o n a l  s t a b i l i t y ,  modes of c o n t r o l ,  and ope ra t ing  d a t a  f o r  pu lsed  

columns. 

t h e  l i n e a r  flow of s o l u t i o n  (organic  p l u s  aqueous) through t h e  column. 

These 

Scale-up of t h e s e  columns i s  dependably p red ic t ed  on t h e  b a s i s  of 

.__. - .  
I '. 
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Fig. 4.11. Savannah River  Cen t r i fuga l  Contactor .  





* Pulsed columns can b e  ope ra t ed  wi th  a bottom i n t e r f a c e  (cont inuous 

o rgan ic  phas'e). 

decontamination e f f i c i e n c y  s i n c e  any i n t e r f a c i a l  "crudsii t h a t  are fornied 

are accumulated a t  t h e  r a f f i i i a t e  r a t h e r  than  a t  t h e  "pure" end of t h e  system 

A disadvantage of t h i s  type  of con tac to r  i s  t h a t  i t  must be  housed i n  a 

l a r g e  ( t a l l )  Sli ielded f a c i l i t y  t h a t  h a s  a r e l a t i v e l y  h igh  c a p i t a l  c o s t .  

This  i s  of cons iderable  advantage from t h e  s tandp 'a int  of 

Cen t r i fuga l  Contactors .  - The Savannah River c e n t r i f u g a l  con tac to r  has  
operated s a t i s f a c t o r i l y  on a product ion b a s i s  f o r  over  a year .  42343 It 

c o n s i s t s  of 18 s t a g e s  i n  t h r e e  groups of s i x  each. Each s t a g e  has  a 10-in.- 

di5m c e n t r i f u g e  bowl. 

between s t a g e s .  

con t ro l .  

g a l  i n  t h e  se t t le r j .  

con tac to r  ope ra t e s  i n  t h e  organic-continuous mode. 

Flow is  cocurren t  w i t h i n  a s t a g e ,  bu t  countercur ren t  

Each s t a g e  has  i t s  own d r i v e ,  mechanical seal ,  and i n t e r f a c e  

The i io l ihe  of each s t a g e  i s  about 4 g a l  (1 g a l  i n  t h e  mixer and 3 

Mass t r a n s f e r  s t a g e  e f f i c i e n c i e s  are about 95%. The 

A second P x t r a c t o r  of t h e  c e n t r i f u g a l  type  has  r e c e n t l y  been developed 

i n  France by Robatel  and Mula t ie r .  44 

exposures,  c o s t ,  and s i z e  requirements  f o r  t h i s  equipment would be  compa- 

r a b l e  t o  those  f o r  t h e  Savannah River  con tac to r .  

of t h e  Robatel  e x t r a c t o r  is  t h e  inco rpora t ion  of up t o  1 2  s t a g e s  i n  one 

machine u t i l i z i n g  a s i n g l e  d r i v e  mechanism and a s i n g l e  e x t e r n a l  grease-  

l u b r i c a t e d  bear ing .  

It  is  es t imated  t h a t  r i id ia t ion  

An important  advantage 

The Stacked-Clone Contactor.  - The s tacked-clone con tac to r  r e p r e s e n t s  

45 This  device  uses  a r a t h e r  new concept i n  s o l v e n t  e x t r a c t i o n  equipment. 

hydroclones t o  create bo th  mixing and p a r t i a l  phase s e p a r a t i o n  i n  each s t age .  

The con tac to r  has  undergone ex tens ive  "cold" t e s t i n g  on a g r e a t  v a r i e t y  of 

systems. The dependab i l i t y  and ease of ope ra t ion  are wel l -es tab l i shed ,  and 

r a d i o a c t i v e  ope ra t ions  do n o t  appear  t o  pose any s i g n i f i c a n t  new problems. 

Ins t rumenta t ion  i s  of a s t anda rd  type; t h e r e  i s  only  one c o n t r o l l e d  i n t e r f a c e  

p o s i t  ion .  

I 

Scale-up s t u d i e s  show t h a t  t h e  b e s t  scale-up method involves  t h e  mani- 

fo ld ing  of many s m a l l  hydroclones i n  each s t a g e  (Fig.  4.12). 

of t h e  scale-up of s tacked-clone con tae to r s  remain t o  b e  worked out .  

i n s t ance ,  several con tac to r s  ope fa t ing  i n  p a r a l l e l ,  each wi th  a moderate 

Various d e t a i l s  

For 



number of hydroclones pe r  s t a g e ,  might b e  p r e f e r r e d  t o  a s i n g l e .  machine wi th  

a very l a r g e  number of  hydroclones i n  each s t age .  The m u l t i p l e  con tac to r  

concept has  t h e  p o t e n t i a l  advantages of being more versatile i n  handl ing a 

varying p l a n t  throughput,  and al lowing a c o n t i n u i t y  of  ope ra t ion  i n  case  of 

component f a i l u r e .  Each s t a g e  of each con tac to r  w i l l  have only one pump t o  

d r i v e  t h e  hydroclones.  A 9-c1one-per-stagey 11-stage device  has  r e c e n t l y  

been f a b r i c a t e d ;  t h e  t e s t  r e s u l t s  of t h i s  con tac to r  should c l a r i f y  many of 

t h e  ques t ions  on scale-up.  

4.7.5 Contactor  S i z e s  and Capac i t i e s  

Flow c a p a c i t i e s  ( a t  f looding)  i n  both aqueous continuous and organic  
46 continuous modes of ope ra t ion  have been p red ic t ed  f o r  pulsed columns f o r  

two ve r s ions  of t h e  f i r s t - c y c l e  Purex f lowsheet ,  using t h e  methods and 

equat ions  of r e f .  29. For aqueous continuous ope ra t ion  (assuming metal 

s i e v e  p l a t e s  having 1/8-in.-diam h o l e s ,  a 23% f r e e  area, and 2-in. spac ing) ,  

a t o t a l  f low capac i ty  of 111 f t / h r  i s  p red ic t ed  f o r  a d i l u t e  f lowsheet  

employing 15% TBP i n  a hydrocarbon d i l u e n t  and an aqueous feed  w i t h  about 

70 g of heavy metal (10% plutonium) p e r  l i t e r .  A flow capac i ty  of 88 f t / h r  

i s  p red ic t ed  f o r  a 30% TBP f lowsheet  i n  which t h e  aqueous feed  has  a heavy 

metal (10% plutonium) concent , ra t ion of 200 g (U + P u ) / l i t e r .  For organic  

continuous ope ra t ion ,  assuming metal nozz le  p l a t e s  of t h e  same s i z e  and 

spacing as s p e c i f i e d  above, a t o t a l  f low capac i ty  of 335 f t / h r  is  p red ic t ed  

f o r  t h e  d i l u t e  f lowsheet .  The flow capac i ty  f o r  t h e  f lowsheet  w i th  30% TBP 

and a 200-g (U + P u ) / l i t e r  feed  is  es t imated  a t  312 f t / h r .  All t h e s e  capac- 

i t i es  are f o r  ope ra t ion  a t  40°C and f o r  a pu l se  having a 1-in. amplitude and 

a frequency of about 50 cpm. Usual ly ,  t h e  organic  continuous mode of opera- 

t i o n  is  p re fe r r ed  because any accumulation of d e b r i s  a t  t h e  i n t e r f a c e  may 

be  f lushed  ou t  wi th  t h e  r a f f i n a t e .  The much h ighe r  capac i ty  (about a f a c t o r  

of 3) ob ta inab le  using t h i s  mode of ope ra t ion  is  a very important  added . 

advantage and i s  p r imar i ly  due t o  t h e  f a s t e r  coalescence rates of organic- 

continuous d i s p e r s i o n s .  

For ope ra t ion  a t  about 80% of t h e  p red ic t ed  flow capac i ty  ( i . e . ,  80% 

of f looding)  wi th  t h e  organic  phase cont inuous,  t h e  ex t rac t ion-scrub  s e c t i o n  

of t h e  f i r s t  cyc le  of a 5-metric-ton-per-day LMFBR p l a n t  would r e q u i r e  two 
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12-in.-diam columns o r  t h e i r  equ iva len t .  For t h e  more-concentrated flow- 

s h e e t ,  only one 12-in.-diam column would be needed. Assuming t h a t  11 

e x t r a c t i o n  p l u s  scrub s t a g e s  are used and t h a t  t h e  h e i g h t  of each s t a g e  

would be about 2.5 f t ,  t h e  columns would b e  27.5 f t  h igh ,  e x c l u s i v e  of end 

s e c t i o n s .  

Pulsed columns f o r  t h e  p a r t i t i o n i n g  and uranium s t r i p p i n g  ope ra t ions  

i n  t h e  f i r s t  c y c l e  would be a t  least as l a r g e  i n  diameter as those  f o r  

e x t r a c t i o n .  It  is  es t ima ted  t h a t  two 12-in.-diam p a r t i t i o n i n g  columns and 

two lS-in.-diam s t r i p p i n g  columns would b e  r equ i r ed .  

The above estimates of equipment s i z e  do n o t  t a k e  c r i t i c a l i t y  i n t o  

cons ide ra t ion .  This  w i l l  be  a c o n t r o l l i n g  f a c t o r  which w i l l  d i c t a t e  t h e  

s i z e  and number of columns needed, as w e l l  as t h e  advantages o r  disadvantages 

of a d i l u t e  vs  a concen t r a t ed  f lowsheet .  C r i t i c a l i t y  g u i d e l i n e s  t h a t  w i l l  

g r e a t l y  a i d  i n  t h e  development of prel iminary equipment designs have r e c e n t l y  

been published.47 

a p p l i e s  t o  mixed plutonium-uranium n i t r a t e  s o l u t i o n s  t h a t  con ta in  300 g of 

heavy metal (20% Pu) p e r  l i t e r  and a s o l u b l e  poison (0.2 - M Cd) and are r e f l e c t -  

ed by 3 c m  of s t a i n l e s s  steel. However, i f  t h e  plutonium is concen t r a t ed  

by excess ive  r e f l u x  o r  i f  i t  s e g r e g a t e s  through formation of a second o rgan ic  

phase, c r i t i c a l  diameters  are much lower. Extensive t e s t i n g  under a v a r i e t y  

of assumed a c c i d e n t  cond i t ions  is needed t o  d e f i n e  t h e  c r i t i c a l l y  s a f e  equip- 

ment s i z e s  f o r  d i f f e r e n t  TBP concen t r a t ions  and aqueous-feed plutonium con- 

c e n t r a t i o n s .  The c r i t i ca l  column diameter can b e  appreciably inc reased  by 

using poisoned (0.2% Gd) s t a i n l e s s  steel p u l s e  p l a t e s .  Also, an a l t e r n a t i v e  

t o  t h e  use of smaller columns may b e  an annu la r  column design wi th  a poisoned 

c e n t r a l  core .  

I t  appears  t h a t  a c r i t i ca l  diameter  as l a r g e  as 15 i n .  

C e n t r i f u g a l  Contactors .  - It i s  e s t ima ted  t h a t  a c e n t r i f u g a l  c o n t a c t o r  

of t h e  type and s t a g e  s i z e  used a t  t h e  Savannah River P l a n t  could handle  

t h e  flow (- 42 g a l  of o rgan ic  p l u s  aqueous p e r  minute) i n  a 5-metric-ton-per- 

day-plant using t h e  15% TBP f lowsheet  and ope ra t ing  a t  about 70% of 

f looding.  

f o r  extract ion-scrubbing,  would occupy a space about 10 x 10 x 7 f t  high. 

C e n t r i f u g a l  e x t r a c t o r s  and o t h e r  sho r t - r e s idence  c o n t a c t o r s  may n o t  be 

A 12-stage u n i t ,  which would provide about 11 i d e a l  s t a g e s  



s u i t a b l e  f o r  use i n  t h e  p a r t i t i o n i n g  cyc le  s i n c e  t h e  plutonium reduct ion  

r e a c t i o n  may b e  too  slow; however, they could be  used f o r  uranium s t r i p p i n g .  

With r e s p e c t  t o  t h e  French c e n t r i f u g a l  con tac to r ,  i t  i s  es t imated  

t h a t  t h r e e  Robatel  u n i t s ,  each 67 cm i n  d i a m e t e r  and having 1 2  s t a g e s ,  

would be needed f o r  t h e  f i r s t - c y c l e  extract ion-scrubbing ope ra t ion  i n  a 

5-metric-ton-per-day p l a n t .  

Stacked-Clone Contactor.  - A 5-metric-ton-per-day LMFBR f u e l  proc- 

e s s i n g  p l a n t  would r e q u i r e  a cons iderably  l a r g e r  s tacked-clone con tac to r  

f o r  t h e  f i r s t - c y c l e  ex t rac t ion-scrubbing  ope ra t ion  than any of t h e  models 

t h a t  have been t e s t e d .  A r e c e n t  estimate i n d i c a t e s  t h a t  a s i n g l e  stacked- 

c lone  con tac to r  u n i t  conta in ing  28 s t a g e s  (11  i d e a l  s t a g e s ) ,  gach wi th  two 

hundred seventy-two 0.9-in.-diam hydroclones,  would handle  t h e  f lows (15% 

TBP f lowsheet)  f o r  such a p l a n t .  

2 f t  i n  diameter  by 8 f t  long. 

t h i s  s i ze  has  been designed. Fabr i ca t ion  techniques f o r  a con tac to r  of t h i s  

des ign  would l i k e l y  b e  q u i t e  d i f f e r e n t  from those  used i n  t h e  p a s t .  Auto- 

mated methods f o r  producing t h e  many p a r t s  would become f e a s i b l e  and o f f e r  

s u b s t a n t i a l  r educ t ions  i n  t h e  c o s t  pe r  hydroclone. 

48 

The con tac to r  would occupy a space  about 

A con tac to r  s t a g e  having 300 hydroclones of 

Y 

4.7.6 Solvent  Radia t ion  Exposures i n  D i f f e r e n t  Contactors  

Solvent  r a d i a t i o n  exposures 46y48 were c a l c u l a t e d  a t  ORNL f o r  t h e  proc- 

e s s i n g  of 30-day-cooled mixed c o r e  and b l anke t  f u e l  (33,000 Mwd/metric ton  

burnup).  Sample c a l c u l a t i o n s  are shown i n  r e f s .  7 and 46. The exposures 

i n  pulsed column c a r t r i d g e s  and end s e c t i o n s  w e r e  p red ic t ed  by using t h e  

equat ions  of r e f .  21. It w a s  assumed t h a t  a l l  of t h e  b e t a  energy w a s  

absorbed by t h e  o rgan ic  and aqueous phases;  estimates of t h e  amount of 

absorbed gamma r a d i a t i o n  were based on gamma r a d i a t i o n  a t t e n u a t i o n  consid- 

e r a t i o n s  obta ined  from r e f .  49. I n  t h e  case of pu lsed  columns, t h e  a lpha  

r a d i a t i o n  dose and t h e  dose due t o  accumulated r ad io iod ine  i n  t h e  s o l v e n t  

were each assumed t o  b e  10% of t h e  beta-gamma dose.  

Solvent  exposures w e r e  es t imated  t o  b e  i n  t h e  range of 0.02 t o  0.03 
-1 -1 

whr l i t e r  cyc le  

t h e  s tacked-clone con tac to r  when a d i l u t e  (15% TBP, 70 g heavy m e t a l s / l i t e r )  

f o r  bo th  t h e  Savannah River c e n t r i f u g a l  con tac to r  and 



-1 flowsheet  i s  used. These estimates i n c l u d e  an allowance of 0.01 whr l i t e r  

cyc le  

l a t e d  r a d i o i o d i n e  i n  t h e  s o l v e n t .  me s o l v e n t  exposures i n  t h e s e  c o n t a c t o r s  

would b e  f a r  below t h e  l e v e l  a t  which d e l e t e r i o u s  e f f e c t s  from s o l v e n t  irra- 

d i a t i o n  have been found. 

-1 t o  cover t h e  combined doses due t o  a lpha  r a d i a t i o n  and t o  accumu- 

Solvent exposures i n  pulsed columns were es t ima ted  assuming o p e r a t i o n  

a t  80% of f lood ing .  For o rgan ic  continuous o p e r a t i o n ,  exposures w e r e  

es t imated a t  0.10 and 0.27 whr liter-' c y c l e  , r e s p e c t i v e l y ,  f o r  t h e  

d i l u t e  ( s e e  above) and t h e  concen t r a t ed  (30% TBP, 200 g heavy meta ls / l i t e r )  

f lowsheets . 

-1 

The s o l v e n t  exposure estimates are considered t o  be conse rva t ive ,  t h a t  

i s ,  on t h e  high s i d e ,  f o r  t h e  fol lowing reasons: 

2.. 

3 ,  

The 

l a t e d :  

1. 

The r a d i a t i o n  d e n s i t y  w a s  assumed t o  b e  t h e  same i n  bo th  t h e  

e x t r a c t i o n  and sc rub  s e c t i o n s ,  whereas, i n  a c t u a l  o p e r a t i o n s ,  

only a s m a l l  f r a c t i o n  of t h e  f i s s i o n  products  would reach 

t h e  sc rub  s e c t i o n .  

A uniform r a d i a t i o n  f i e l d  ( i .e. ,  an i n f i n i t e l y  s m a l l  aqueous 

drop s i z e )  i n  t h e  column w a s  assumed. Actual ly ,  t h e  aqueous 

drop s i z e s  i n  pulsed columns would b e  s u f f i c i e n t l y  l a r g e  t h a t  

a s i g n i f i c a n t  f r a c t i o n  of t h e  b e t a  energy would be absorbed 

w i t h i n  t h e  aqueous drops.  

It w a s  assumed t h a t  a l l  of t h e  f i s s i o n  products  would b e  p r e s e n t  

i n  t h e  feed.  D i s s o l u t i o n  tests, however, have shown t h a t  

s i g n i f i c a n t  f r a c t i o n s  of some of t h e  more important  f i s s i o n  

products  ( e .g . ,  ruthenium, zirconium-niobium) would b e  i n  t h e  

l each  r e s i d u e ,  which probably would b e  sepa ra t ed  from t h e  aqueous 

f eed  p r i o r  t o  s o l v e n t  e x t r a c t i o n .  

fol lowing f a c t o r s  could l e a d  t o  h i g h e r  doses than those calcu- 

A dec rease  i n  throughput c a p a c i t y  of t h e  c o n t a c t o r  below t h e  

assumed va lues  would r e s u l t  i n  a corresponding i n c r e a s e  i n  t h e  

s o l v e n t  r a d i a t i o n  dose. This  could apply p a r t i c u l a r l y  i f  c l o s e l y  
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spaced poisoned p l a t e s  are used i n  t h e  pulsed  columns f o r  

c r i t i c a l i t y  con t ro l .  

No allowance w a s  made f o r  p o s s i b l e  accumulation of h igh ly  radio- 

a c t i v e  c ruds  i n  t h e  equipment. Although t h i s  i s  n o t  expected i n  

normal ope ra t ion ,  i t  could occur  during pe r iods  of maloperat ion.  

* 

2. 

4.8 Plutonium P u r i f i c a t i o n  - Task 8 

This  t a s k  covers  t h e  process  s t e p s  f o r  pu r i fy ing  plutonium, s t a r t i n g  

wi th  t h e  plutonium product  s o l u t i o n  from t h e  f i r s t  Purex cyc le  and con- 

t i n u i n g  through t h e  p repa ra t ion  of a product  s o l u t i o n  of adequate  p u r i t y  

and concen t r a t ion  f o r  d e l i v e r y  t o  t h e  f u e l  r e f a b r i c a t i o n  opera t ion .  

Plutonium chemistry i s  reasonably w e l l  known, a l though t h e  h igh  plu- 

tonium con ten t  of LMFBR f u e l s  makes some process  r e v i s i o n s  d e s i r a b l e .  

The l a r g e  amounts of plutonium t o  be  handled provide  a s t rong  i n c e n t i v e  

f o r  improving t h e  e f f i c i e n c y  of  t h e  plutonium p u r i f i c a t i o n  processes  s i n c e  

t h e  c o s t  of t h e s e  ope ra t ions  w i l l  r e p r e s e n t  a much l a r g e r  f r a c t i o n  of t h e  

t o t a l  p rocess ing  c o s t s  than  previous ly .  I n  p a r t i c u l a r ,  t h e r e  appears  t o  

b e  a need f o r  a h igher -capac i ty  process  than  i o n  exchange f o r  f i n a l  decon- 

taminat ion of t h e  plutonium. 

4.8.1 Second TBP Cycle 

The f i r s t - c y c l e  plutonium product  is  usua l ly  p u r i f i e d  i n  a second 

TBP and t h e  product  from t h i s  c y c l e  is  f i n a l l y  p u r i f i e d  by i o n  

exchange. P r i o r  t o  t h e  second TBP c y c l e ,  t h e  Pu( I I1 )  i s  oxid ized  t o  Pu(1V) 

by adding sodium n i t r i t e  and hea t ing  ( o r  by sparg ing  wi th  NO g a s ) ,  and t h e  

n i t r i c  a c i d  concen t r a t ion  is  ad jus t ed  t o  3 t o  4 - M. 

plutonium i s  s t r i p p e d  from t h e  s o l v e n t  phase wi th  d i l u t e  n i t r i c  a c i d ;  

u s u a l l y  some s u l f u r i c  a c i d  is  added t o  improve t h e  s t r i p p i n g  e f f i c i e n c y .  

A small amount of a plutonium reduc tan t  such as Fe( I1)  o r  U(1V) can a l s o  

be  added t o  t h e  d i l u t e  a c i d  t o  i n c r e a s e  t h e  concen t r a t ion  of t h e  

plutonium i n  t h e  product  s o l u t i o n  and t o  ensu re  complete s t r i p p i n g  of 

plutonium from t h e  so lven t .  

A f t e r  e x t r a c t i o n ,  t h e  
i 

I 
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A second-cycle f lowshee t  using 15% TBP w a s  s u c c e s s f u l l y  demonstrated 

a t  ORNL i n  ba t ch  coun te rcu r ren t  tests wi th  s imula ted  second-cycle LMFBR 

feeds.4 More than  99.8% of t h e  plutonium w a s  recovered i n  t h e  e x t r a c t i o n  

cyc le .  The  s o l v e n t  w a s  s t r i p p e d  w i t h  0.15 - M HNO 3-- 0.02 - M Fe(N03)2--0.01 - M 

hydrazine s o l u t i o n  t o  g i v e  a product  s o l u t i o n  conta in ing  more than 40 g of 

plutonium p e r  l i t e r .  

4.8.2 Ion Exchange Process ing  

I n  t h e  p a s t ,  p u r i f i c a t i o n  of  t h e  plutonium has  been accomplished by 

c a t i o n  exchange; however, p re sen t  p r a c t i c e  f avor s  t h e  use of anion exchange 

r e s i n s .  2-7 

The c a t i o n  exchange r e s i n s  (e.g. ,  Dowex 50) so rb  Pu(I I1)  e f f e c t i v e l y .  

The process ,  t h e r e f o r e ,  can handle  plutonium product  s o l u t i o n s  d i r e c t l y  

from t h e  r educ t ion -pa r t i t i on ing  column, wi thout  adjustment of t h e  plu- 

tonium va lence  state. Following t h e  s o r p t i o n  cyc le ,  t h e  r e s i n  i s  washed 

w i t h  d i l u t e  s u l f u r i c  a c i d  t o  p r e f e r e n t i a l l y  e l u t e  uranium and c e r t a i n  

f i s s i o n  products .  

n i t r i c  a c i d  conta in ing  a holding r educ tan t  t o  prevent  ox ida t ion  of Pu(I I1)  

t o  Pu(1V). 

ess i s  t o  concen t r a t e  t h e  plutonium. This  would n o t  be  an advantage f o r  

LMFBR f u e l s  s i n c e  t h e  plutonium i n  t h e s e  f u e l s  i s  a l r eady  r e l a t i v e l y  con- 

cen t r a t ed .  

2 t o  3) and only moderate s e p a r a t i o n  (DF -10) from zirconium-niobium. 

The s u l f u r i c  a c i d  wash s t e p  is  a l s o  a disadvantage.  Therefore ,  c a t i o n  

exchange process ing  has  no apparent  m e r i t  f o r  use  wi th  LMFBR f u e l s .  

7 

The plutonium i s  then  e l u t e d  wi th  f a i r l y  concent ra ted  

A p r i n c i p a l  o b j e c t i v e  of t h e  use of t h e  c a t i o n  exchange proc- 

The process  provides  l i t t l e  s e p a r a t i o n  from ruthenium (DF of 

Anion Exchange Processing.  - Plutonium(1V) i s  sorbed more s t r o n g l y  

than t h e  o t h e r  va l ence  states by anion exchange r e s i n s  (e.g. ,  Dowex 1, 

Permuti t  SK) .  

c e n t r a t i o n  is  about 7 - M. 

n i t r i c  a c i d ,  b u t  i t  can a l s o  b e  e l u t e d  by r educ t ion  t o  t h e  t r i v a l e n t  

state wi th  hydroxylamine n i t r a t e .  

are slow. 

70°C. 

M a x i m u m  s o r p t i o n  e f f i c i e n c y  occurs  when t h e  n i t r a t e  con- 

The plutonium i s  usua l ly  e l u t e d  wi th  d i l u t e  

The rates o f . b o t h  s o r p t i o n  and e l u t i o n  

P r a c t i c a b l e  exchange rates are obta ined  by opera t ing  a t  60 t o  



Chemical and Radia t ion  S t a b i l i t y .  - A few i n s t a n c e s  of p r e s s u r i z a t i o n  

and f i r e  have occurred i n  plutonium process ing  f a c i l i t i e s  employing anion 

exchange r e s i n s .  5’8 The reasons f o r  t h e s e  occurrences are n o t  thoroughly 

understood; however, i n  some cases, t h e  a u t o c a t a l y t i c  bu i ldup  of n i t r i t e  

w a s  thought t o  be a con t r ibu t ing  f a c t o r .  Chemical a t t a c k  i s  r a p i d l y  

a c c e l e r a t e d  a t  temperatures  and p res su res  t h a t  are above normal. The 

r a d i o l y t i c  decomposition of anion exchange r e s i n s  has  been s t u d i e d  exten- 

s i v e l y .  The phys ica l  e f f e c t s  of r a d i a t i o n  damage are l a r g e  volume changes, 

so f t ened  beads ,  and inc reased  p r e s s u r e  drop. The r e s i n s  show a r a p i d  l o s s  

of capac i ty  a t  r a d i a t i o n  doses above 10 r ads .  Estimates of  r e s i n  l i f e  

expectancy during t h e  continuous process ing  of 239Pu wi th  Permuti t  SK,  t h e  

most s t a b l e  of t h e  a v a i l a b l e  r e s i n s ,  range from two t o  f o u r  months. 

This  range might b e  apprec iab ly  reduced when LMFBR f u e l s  are processed,  

owing t o  t h e  increased  a lpha  a c t i v i t y  of 238Pu and t o  t h e  h ighe r  concen- 

t r a t i o n s  of plutonium t h a t  would b e  p r e s e n t  i n  t h e  system. 

8 

7 

Equipment. - Both s t a t i c -bed  and cont inuous anion exchange methods 

have been used on a product ion  b a s i s .  With t h e  cont inuous u n i t s ,  l o s s  of 

plutonium t o  t h e  r a f f i n a t e  streams i s  r e l a t i v e l y  high (2  t o  5%) ,  r equ i r ing  

t h a t  t h e s e  streams be  recycled.  Recycle is  accomplished simply by 

evapora t ive  concen t r a t ion  and r e t u r n  of  t h e  concen t r a t e  t o  t h e  f eed  

stream of t h e  second-plutonium-cycle s o l v e n t  e x t r a c t i o n  column. The 

l a r g e r  amounts of plutonium p r e s e n t  i n  f a s t  b reeder  f u e l s  w i l l  demand 

higher-capaci ty  i o n  exchange equipment than  is  c u r r e n t l y  used, a t  least 

f o r  l a r g e  p l a n t s .  For a process ing  f a c i l i t y  of 5-metric-tons (LJ + Pu)- 

per-day capac i ty ,  approximately 1 5  cont inuous i o n  exchange systems ( 8  i n .  

i n  d iameter ,  as l i m i t e d  by c r i t i c a l i t y )  ope ra t ing  i n  p a r a l l e l  would be 

requi red .  

p a r a l l e l  systems i s  undes i rab le .  For a 1-metric-ton-per-day p l a n t ,  

t h i s  disadvantage would, of course ,  be  less l i m i t i n g ,  and t h e  t h r e e  

t o  f o u r  p a r a l l e l  u n i t s  needed can be  considered t o  be  more p r a c t i c a l .  

It i s  obvious t h a t  t h e  presence of  such a l a r g e  number of 

It  should b e  p o s s i b l e  t o  circumvent l i m i t a t i o n s  on column diameter  

imposed by c r i t i c a l i t y  cons ide ra t ions  and t o  g r e a t l y  increase t h e  capac i ty  

of a s t a t i c - b e d  column by use  of an annular  column des ign  (with a poisoned 

c e n t r a l  core) .  The use of extremely f i n e  r e s i n  beads i n  high-pressure 
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s t a t i c -bed  columns, a system t h a t  has  been used i n  t h e  TRU program t o  

s e p a r a t e  h ighe r  a c t i n i d e s  ,’ appears  a l s o  t o  b e  worthy of cons ide ra t ion  

s i n c e  t h e  usua l  unfavorable  absorp t ion-e lu t ion  k i n e t i c s ,  which are con- 

t r o l l e d  by d i f f u s i o n ,  should b e  g r e a t l y  improved i n  t h i s  system. 

4.8.3 Amine Ex t rac t ion  of  Plutonium 

The f i n a l  p u r i f i c a t i o n  of plutonium by amine e x t r a c t i o n ,  r a t h e r  than  

by an ion  exchange r e s i n  s o r p t i o n ,  h a s  been s tudiedkextens ive ly  and i s  

p r e s e n t l y  used on a product ion b a s i s  i n  France.  

plutonium r a p i d l y  a t  ambient temperatures;  t h e  e x t r a c t i o n  c o e f f i c i e n t s  

reach a m a x i m u m  when t h e  n i t r a t e  concen t r a t ion  is about  7 - M. 

t h e  d a t a  have been obta ined  wi th  t e r t i a r y  amines, which cannot be  s t r i p p e d  

e f f e c t i v e l y  wi th  d i l u t e  n i t r i c  a c i d  b u t  r e q u i r e  use of  complexing agents  

such as s u l f a t e  o r  acet ic  ac id .  A s t r i p p i n g  procedure t h a t  involves  pre- 

c i p i t a t i n g  plutonium d i r e c t l y  from t h e  s o l v e n t  phase as t h e  o x a l a t e  has  a l s o  

been s tud ied .  

The amines e x t r a c t  

Almost a l l  of 

Secondary amines, which are weaker e x t r a c t a n t s  and can be  s t r i p p e d  

wi th  d i l u t e  n i t r i c  a c i d ,  appear  A flowsheet f o r  t h e  ex t rac-  

t i o n  of Pu(1V) from 5 M HNO 

been demonstrated i n  a ba tch  coun te rcu r ren t  system. l3 

with  d i ( t r idecy1)amine  i n  diethylbenzene has  - 3  
The e x t r a c t  w a s  

scrubbed wi th  4 M HNO 

s o l u t i o n  con ta in ing  about  50 g of plutonium p e r  l i t e r .  This  s o l u t i o n  should 

b e  s u f f i c i e n t l y  concent ra ted  ( i n  plutonium) t o  b e  f ed  d i r e c t l y  t o  a f u e l  

r e f a b r i c a t i o n  process  (e .g . ,  a so l -ge l  process  o r  p r e c i p i t a t i o n  processes)  

f o r  r e c o n s t i t u t i n g  t h e  f u e l .  Addi t iona l  t e s t i n g  of t h e  secondary amines, 

p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t h e  s e p a r a t i o n s  ob ta inab le  from f i s s i o n  prod- 

u c t s ,  i s  needed t o  determine i f  they are compet i t ive  wi th  t e r t i a r y  amines. 

and s t r i p p e d  w i t h  0.15 M HNO t o  g ive  a product - 3  - 3  

Amine e x t r a c t i o n  appears  t o  have cons iderable  advantage over  anion 

exchange f o r  f i n a l  p u r i f i c a t i o n  of t h e  plutonium i n  l a r g e  p l a n t s .  

favorable  k i n e t i c s  of t h e  amine process ,  as compared wi th  the  r e s i n  process ,  

a l low h ighe r  throughputs i n  t h i s  system. High-capacity amine extrac- 
t i o n  equipment can b e  cons t ruc ted  by tak ing  advantage of t h e  inhe ren t  high 

The more 

capac i ty  of s o l v e n t  e x t r a c t i o n  equipment and of t h e  c a p a b i l i t y  of i n s t a l l i n g  

f i x e d  poisons i n  t h e  con tac t ing  devices .  Thus, c r i t i c a l i t y  r e s t r i c t i o n s  



w i l l  demand fewer p a r a l l e l  l i n e s  of equipment (and poss ib ly  only a s i n g l e  

l i n e )  f o r  amine e x t r a c t i o n  than  f o r  i o n  exchange. 

Amine S t a b i l i t y .  - The r a d i o l y t i c  degrada t ion  products  of  amines are 

r e l a t i v e l y  innocuous, and l a r g e  r a d i a t i o n  doses  can be  absorbed without  

any n o t i c e a b l e  e f f e c t  on t h e  process  performance. 

t o  r ap id  chemical degrada t ion  i n  t h e  presence  of h igh  concen t r a t ions  of 

n i t r o u s  ac id .  However, t h i s  does n o t  appear t o  be  a s i g n i f i c a n t  problem 

s i n c e  t h e  feed  s o l u t i o n  t o  t h e  amine process  can be  t r e a t e d  t o  des t roy  

n i t r i t e .  

The amines are s u b j e c t  

4.8.4 Adaptation t o  LMFBR Fuels  

The processes  used f o r  f i n a l  p u r i f i c a t i o n  of plutonium from thermal 

f u e l s  can undoubtedly be  adapted t o  LMFBR f u e l s .  However, t h e  l a r g e  amounts 

of plutonium i n  t h e  l a t te r  f u e l s  w i l l  r e q u i r e  some adjustments  of f lowsheet  

condi t ions  and w i l l  i n c r e a s e  c r i t i c a l i t y  problems. The r e l a t i v e l y  high 

a lpha  a c t i v i t y  of t h e  LMFBR f u e l s  (0.5% 238Pu) w i l l  gene ra t e  neut rons  by 

( a ,  2) r e a c t i o n  on oxygen and may r e q u i r e  t h a t  t h e  plutonium b e  r e f a b r i c a t e d  

i n  a s h i e l d e d  f a c i l i t y .  I n  t h i s  case, t h e  r equ i r ed  decontamination f a c t o r s  

from f i s s i o n  products  would n o t  need t o  b e  as h igh  as i n  t h e  p a s t ;  conse- 

quent ly ,  t h e r e  i s  a p o t e n t i a l  oppor tuni ty  f o r  decreas ing  t h e  number of 

plutonium p u r i f i c a t i o n  s t e p s .  With respect t o  the  overal l  p u r i f i c a t i o n  

scheme, t h e r e  appears  t o  b e  cons iderable  p o t e n t i a l  f o r  improving process  

economics by s impl i fy ing  and i n t e g r a t i n g  t h e  p u r i f i c a t i o n  cyc le s .  

4.9 Waste Management - Task 9 

This  s e c t i o n  summarizes t h e  s t a t u s  of t h e  technology f o r  management 

of r a d i o a c t i v e  wastes  produced by t h e  aqueous method f o r  process ing  nuc lea r  

f u e l s .  

descr ibed .  The term ''waste management" inc ludes  t rea tment ,  s t o r a g e  (which 

i m p l i e s  r e t r i e v a b i l i t y ) ,  and d i s p o s a l  (which impl i e s  t h e  r e v e r s e ) .  E s t i m a t e s  

of t h e  magnitude of t h e  problem and t h e  c o s t  of waste management are a l s o  

presented .  P a r t i c u l a r  emphasis i s  placed on comparing waste management 

Both t h e  technologies  used a t  p re sen t  and r e c e n t  developments are 
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problems f o r  Liquid  Metal F a s t  Breeder Reactor  (LMFBR) f u e l s  wi th  present -  

day o r  advanced L igh t  Water Reactor  (LWR) f u e l .  The management problems 

f o r  aqueous and gaseous wastes  from LMFBR f u e l s  are q u i t e  s i m i l a r  t o  those  

f o r  LWR f u e l s .  However, t h e  presence  of h ighe r  concent ra t ions  of sho r t -  

l i v e d  f i s s i o n  products  i n  LMFBR wastes adds a f u r t h e r  complicat ion.  

The impl i ca t ions  of probable  new waste management concepts are d i s -  

cussed.  For example, nuc lea r  i n s t a l l a t i o n s  n o t  l oca t ed  on a government 

area may b e  r equ i r ed  t o  s h i p  a l l  r a d i o a c t i v e  r e s idues  t o  a government- 

c o n t r o l l e d  d i s p o s a l ,  o r  bur ia l ,  ground. Also,  only high- and low-level 

wastes would be considered on a r e g u l a t o r y  b a s i s  f o r  t rea tment  and d i sposa l .  

In te rmedia te - leve l  wastes would be  t r a n s i t o r y  i n  an i n s t a l l a t i o n  and 

would thus b e  converted t o ,  o r  combined wi th ,  high- o r  low-level wastes, 

based on t h e i r  con ten t  of long-l ived alpha-emit t ing nuc l ides  as w e l l  as 

on t h e i r  b e t a  and gamma n u c l i d e  conten t .  

4.9.1 Summary and Conclusions 

1. The methods c u r r e n t l y  used f o r  waste management, supplemented by 

technology i n  an advanced s ta te  of development, should be  s a t i s f a c t o r y  f o r  

handl ing t h e  wastes t h a t  accumulate from t h e  aqueous processing of LMFBR 

f u e l s .  

development, may decrease  c o s t s  and i n c r e a s e  s a f e t y  of waste management. 

More-advanced technology, which i s  now i n  t h e  ea r ly  s t a g e s  of 

2.  The aqueous high-level wastes from process ing  LMFBR f u e l s  w i l l  

no t  d i f f e r  s i g n i f i c a n t l y  from advanced LWR w a s t e s  w i t h  regard t o  i o n i c  

content  except  f o r  t h e  presence  of s t a i n l e s s  steel  ( r a t h e r  than Zi rca loy)  

from p a r t i a l  d i s s o l u t i o n  of c ladding and, perhaps boron, which i s  added 

during process ing  as a s o l u b l e  poison. The h e a t  genera t ion  rate p e r  ton  

of processed f u e l  w i l l  be  h ighe r  because of t h e  s h o r t e r  cool ing t i m e s  

(-30 days vs  150 days) and h ighe r  r e a c t o r  power r a t i n g s  (-90 t o  180 kw/kg 

vs  15 t o  40 kw/kg). 

w i l l  be  about  t h e  same a f t e r  approximately 3 yea r s  of cool ing f o r  compa- 

r a b l e  burnups. 

The h e a t  gene ra t ion  rates f o r  LMFBR and LWR wastes 

3 .  High-level l i q u i d  wastes can b e  s t o r e d  s a f e l y  i n  tanks t h a t  have 

Because of t h e  been provided wi th  adequately engineered s a f e t y  f e a t u r e s .  



requirement f o r  cont inuous removal of h e a t ,  t h e  e f f e c t i v e n e s s  of t h e  con- 

tainment system depends on a very  h igh  degree of  s u r v e i l l a n c e .  

4. The only c u r r e n t ,  t e c h n i c a l l y  accep tab le  a l t e r n a t i v e  t o  tank 

s t o r a g e  of h igh- leve l  wastes wi th  h igh  h e a t  gene ra t ion  rates is immediate 

s o l i d i f i c a t i o n  of t h e  w a s t e s .  Cur ren t ly ,  t h e  d i s p o s a l  of t h e  s o l i d i f i e d  

wastes by emplacement i n  bedded s a l t  d e p o s i t s  is be l i eved  t o  be  t h e  s a f e s t  

method and has  been shown t o  b e  t echno log ica l ly  f e a s i b l e .  A l t e r n a t i v e l y ,  

d i s p o s a l  of high- and in te rmedia te - leve l  s o l i d i f i e d  wastes of low s p e c i f i c  

hea t -genera t ion  rates by hydro f rac tu r ing  o r  emplacement i n  bed-rock caverns 

may b e  acceptab le  a t  government-owned si tes wi th  s u i t a b l e  geo log ica l  

c h a r a c t e r i s t i c s .  

5. The volumes of l i q u i d  and s o l i d  h igh- leve l  wastes from LWR and 

LMFBR f u e l s  t o  be produced by t h e  year  2000 are n o t  excess ive ,  t h a t  is, 60 
3 m i l l i o n  g a l  of l i q u i d ,  o r  600,000 f t  of  s o l i d s ,  as compared wi th  t h e  more 

than 80 m i l l i o n  g a l  of l i q u i d  waste now s t o r e d  i n  tanks  i n  t h e  United 

States . 
6 .  Four waste s o l i d i f i c a t i o n  processes  have been developed i n  the  

United States and have been s u c c e s s f u l l y  demonstrated on an i n d u s t r i a l  

s c a l e  wi th  f u l l  levels of r a d i o a c t i v i t y  f o r  c u r r e n t  LWR f u e l s  (up t o  20,000 

Mwd/metric ton ,  cooled 250 t o  320 days) .  The h e a t  gene ra t ion  rate i s  t h e  

p r i n c i p a l  l i m i t i n g  f a c t o r  f o r  t h e s e  processes .  Process  mod i f i ca t ions  t h a t  

would produce s o l i d s  wi th  h ighe r  thermal  c o n d u c t i v i t i e s  are being developed, 

The o b j e c t i v e  of t h i s  program i s  t o  make f e a s i b l e  t h e  e a r l y  s o l i d i f i c a t i o n  

of wastes from LMFBR f u e l s  t h a t  have been cooled 30 days.  

7 .  Our p r e s e n t  assessment i s  t h a t  s o l i d i f i e d  high-level wastes can 

be shipped s a f e l y  and economically.  The shipment of l i q u i d  wastes i s  n o t  

considered s a f e  because of cons ide ra t ions  of  steam-pressure bui ldup  wi th in  

casks fol lowing a loss-of-coolant  i n c i d e n t .  The shipment of s o l i d i f i e d  

wastes i s  i n h e r e n t l y  s impler  than  t h e  shipment of spen t  f u e l s  because of 

t h e  lower heat load  and t h e  absence of gaseous f i s s i o n  products .  

8 .  The f e a s i b i l i t y  of d i spos ing  of s o l i d i f i e d  w a s t e  i n  n a t u r a l  s a l t  

formations has been demonstrated i n  a sa l t  mine i n  Kansas, using spen t  

r e a c t o r  f u e l  i n s t e a d  of a c t u a l  wastes. S a t i s f a c t o r y  r e s u l t s  were obta ined  
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with  regard  t o  t h e  s a f e t y  of handl ing r a d i o a c t i v e  materials underground, 

t h e  s t a b i l i t y  of s a l t  t o  h e a t  and r a d i a t i o n ,  and t h e  creep and p l a s t i c  

flow of t h e  sa l t .  

s a f e  d i s p o s a l  f a c i l i t y .  

These r e s u l t s  should make p o s s i b l e  t h e  des ign  of a 

9. The e s t ima ted  c o s t  f o r  t h e  complete management of s o l i d i f i e d  

wastes from LWR f u e l  process ing ,  inc luding  i n t e r i m  l i q u i d  s t o r a g e ,  s o l i d i -  

f i c a t i o n ,  i n t e r im  s o l i d  s t o r a g e ,  1000-mile shipment,  and permanent d i s p o s a l  

i n  bedded s a l t  i s  about 0.02 m i l l l k w h r ( e l e c t r i c a l ) ,  based on government 

f inanc ing ,  4% i n t e r e s t ,  and 1962 c o s t s .  The c o s t  would be  about t h e  same 

i f  t h e  wastes were s t o r e d  i n d e f i n i t e l y  i n  tanks .  Revised estimates r e f l e c t -  

ing  p r i v a t e  f inanc ing  are being prepared which t ake  i n t o  account taxes, a 

r e t u r n  on investment ,  and c u r r e n t  c o s t s  and i n t e r e s t  rates.  The r ev i sed  

t o t a l  c o s t  of waste management is  expected t o  range from 0.03 t o  0.05 m i l l /  

kwhr(e lec t r ica1) .  

f o r  managing wastes from LMFBR f u e l  process ing .  

Costs  are n o t  expected t o  be s i g n i f i c a n t l y  d i f f e r e n t  

10. Large i n v e n t o r i e s  of r a d i o a c t i v e  gases  such as K r ,  I*, 3H2, and 

X e  w i l l  b e  c o l l e c t e d  i n  f u t u r e  f u e l  process ing  p l a n t s  t o  prevent  t h e i r  

d i scharge  t o  t h e  atmosphere. The p r e s e n t  p r a c t i c e  involves  e l imina t ing  

most of t h e  sho r t - l i ved  nuc l ides  by decay p r i o r  t o  process ing .  Addi t iona l  

decontamination of t h e  off-gases  is  achieved using c a u s t i c  sc rubbers ,  s i l v e r  

n i t r a t e  towers,  o r  cha rcoa l  beds when necessary .  Improved techniques f o r  

t h e  s e p a r a t i o n  and containment of t h e s e  gases  are being considered t o  pre- 

vent  a c c i d e n t a l  release of l a r g e  amounts of r a d i o a c t i v e  gases .  

11. In termedia te - leve l  w a s t e s  ( i . e . ,  l i q u i d  o r  s o l i d  wastes which con- 

t a i n  modest l e v e l s  of b e t a  and gamma nuc l ides )  w i l l  be  considered t r a n s i -  

t o ry ;  those  r e q u i r i n g  containment because of t h e i r  long-l ived a c t i n i d e  

conten t  w i l l  probably b e  combined f o r  process ing  wi th  t h e  h igh- leve l  wastes. 

I n i t i a l  estimates i n d i c a t e  t h a t  t h i s  procedure should no t  i n c r e a s e  t h e  

c o s t  of waste management s i g n i f i c a n t l y .  A l o s s  of 0.1% of t h e  plutonium 

t o  t h e  l i q u i d  o r  s o l i d  wastes i n  a p l a n t  processing 5 metric tons  of 20% 

Pu02--80% UO 

1 2 .  

per  day would amount t o  365 kg of plutonium per  year .  2 

Low- and in te rmedia te - leve l  wastes t h a t  do n o t  conta in  s i g n i f i -  

can t  amounts of long-l ived a c t i n i d e s  can b e  handled by techniques similar 
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t o  t hose  p r e s e n t l y  being used i n  indus t ry .  

t r e a t e d  by evapora t ion ,  f l o c c u l a t i o n ,  o r  i o n  exchange, and t h e  r e s idues  are 

s t o r e d  o r  bu r i ed  wi th  o t h e r  misce l laneous  s o l i d  wastes. 

been developed f o r  d i spe r s ing  in t e rmed ia t e - l eve l  waste r e s idues  i n  a s p h a l t  

o r  po lye thylene  ( t o  decrease  t h e i r  s o l u b i l i t y  p r i o r  t o  b u r i a l )  and f o r  

i n j e c t i n g  waste-cement s l u r r i e s  i n t o  deep geologic  formations by hydro- 

f r a c t u r i n g .  

Liquid wastes are gene ra l ly  

Techniques have 

13.  The volumes of s o l i d  waste, from t h e  metal l ic  components of LWR 

and LMFl3R f u e l  elements and o t h e r  miscel laneous waste, t h a t  w i l l  b e  

produced by t h e  year 2000 are n o t  expected t o  be  excess ive ,  t h a t  i s ,  1 

m i l l i o n  and 49 m i l l i o n  f t  , r e s p e c t i v e l y .  3 

4.9.2 Magnitude of t h e  Problem 

High-Level Aqueous and Gaseous Wastes. - Estimates have been made of 

t h e  amounts of f u e l  t o  b e  processed and t h e  r e s u l t i n g  waste volumes t o  b e  

accumulated by t h e  y e a r  2020. The r e a c t o r s  considered are l igh t -water  

and f a s t  *breeders .  

For waste p r o j e c t i o n s ,  i t  i s  assumed t h a t  LWR f u e l  i s  exposed t o  

33,000 Mwd/metric t on  a t  an average s p e c i f i c  power of 30 M w / m e t r i c  ton.  

The amount of f u e l  of t h i s  assumed exposure level  t o  be  processed annual ly  

w i l l  i n c r e a s e  from 52 tons  i n  1970 t o  4800 tons  i n  2000 (comparison of 

Tables 4.4 and 4.5).  

methods and t h a t  t h e  r e s u l t i n g  w a s t e  i s  concent ra ted  t o  100 g a l  p e r  10,000 

Mwd(thermal), t h e  annual  product ion  of waste w i l l  i n c r e a s e  from 17,000 

g a l  i n  1970 t o  1.6 m i l l i o n  g a l  i n  2000. I f  i t  is  s t o r e d  as a l i q u i d ,  39 

m i l l i o n  g a l  w i l l  accumulate by t h e  year  2000. I f  i t  is converted t o  a 

s o l i d  form, waste volumes may be reduced by a f a c t o r  of about 13. 

Assuming t h a t  t h e  f u e l  i s  processed by aqueous 

Wastes from LMFBR's are expected t o  become s i g n i f i c a n t  i n  t h e  1980's  

(Table 4.4). 

assuming an average exposure of 33,000 Mwd/metric t on ,  w i l l  i n c r e a s e  from 

360 metric tons  i n  1985 t o  9230 metric tons  i n  t h e  year  2000. 

es t imated  t h a t  t h e  aqueous process ing  of t h i s  material  w i l l  produce 21 

m i l l i o n  g a l  of accumulated l i q u i d  waste, concent ra ted  t o  a volume of 100 

The q u a n t i t y  of f u e l  and b l anke t  t o  be  processed annual ly ,  

It  i s  



Table 4.4. Pro jec t ed  Wastes from LMFBR Reactors  
(Aqueous Processing of A l l  Fue l s )  

Calendar Year  

7 985 1 990 2 000 2020 

I n s t a l l e d  capac i ty ,  7 O3 Mw( e l e c t r i c a l ) a  28 
b 

Fuel  processed, I O3 metr ic  tons/year  

Volume of waste  generated,  as l i q u i d  
C 

Annually, 1 O6 gal/ye ar 

Accumulated, IO6 g a l  

Volume of waste generated,  as s o l i d  
d 

Annually, 5 O3 f t3 /year  

Accumulated, 10" f t3  

Accumulated r adi o i  sotopes 
e 

T o t a l  weight, me t r i c  t ons  

To ta l  a c t i v i t y ,  megacuries 

To ta l  hea t -genera t ion  r a t e ,  Mw 

90Sr,  megacuries 

137~s,  megacuries 

129~, c u r i e s  

8 6 ~ ,  megacuries 

3H, megacurie s 
238 PU, megacuries 

2 3 9 ~ ,  megacuries 

2 4 0 ~ ,  megacuries 

2 4 1 ~ ,  megacuries 

2 4 2 ~ ,  c u r i e s  

2 4 1 ~ ,  megacuries 

2 4 3 ~ ,  megacuries 

f 

f 

f 

f 

f 

0.36 

0.118 
0.248 

1.18 
2.48 

25 
4,388 
17.4 
31.8 
78.3 
39.1 
7.2 
0.653 
0.:8 
0.013 
0.01 61 
2.12 

48 
1.18 
0.037 

145 
2.5 

0.71 

2.4 

7.1 
24 

2 60 
30,000 

117 
joc 
740 
380 
66 
6.0 
1.98 
0.128 
0.156 
19.5 
469 
11.4 
0.36 

546 1669 

9.23 27.6 

3.02 9.08 
20.9 : 50.6 

30.2 90.8 
209 1504 

220c 
'i 46,1;50 
563 
2465 
6,070 
3300 
489 
46.1 
9.7 
7.17L 

1.38 
;50.7 
4063 
100 

3.12 

7 5,640 
523,30C 
1949 
15,500 
38,600 
22,690 
2620 
25 2 

1L1.5 
8.01 
10.0 

835 
29,09h 
7: 6 
22.b 
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Table 4.4. (Con t ' d . )  

Calendar Year 

1985 1990 2000 2020 

8 4 4 ~ m ,  megacurie s 
2 4 2 ~ m ,  megacurie s 

0.73 7 55 321 

14.5 95 41 5 1279 

a Data from Pbase 3, Case 42, Systems Analys is  Task Force ( A p r i l  11 ,  1968).  

bBased on an average exposure of 33,000 Mwd/metric ton,  and a de lay  of 2 y e a r s  
between power genera t ion  and f u e l  processing.  

Assumes was tes  concent ra ted  t o  100 g a l  per  I O 4  Mwd(therma1) and a delay of 
2 y e a r s  between power gene ra t ion  and waste genera t ion .  

C 

dAssumes 1 f t 3  of s o l i d i f i e d  waste per  lo4 Mwd(therma1). 

Assumes core cont inuously i r r a d i a t e d  a t  148 Mw/metric t o n  t o  80,000 Mwd/metric 
ton,  a x i a l  b l anke t  t o  2500 Mwd/metric t o n  a t  4.6 &/metric ton,  r a d i a l  b l anke t  
t o  8100 Mwd/metric t o n  a t  8.k &/metr ic  ton,  and f u e l  process ing  30 days a f t e r  
d i scharge  from r e a c t o r .  

e 

f ~ s s u m e s  0.5% of PU i n  spent  f u e l  i s  l o s t  t o  waste. 



Table 4.5. Projected Wastes from U. S. Nuclear Power Econonly 
(Aqueous Processing of All Fuels) 

1970 1980 1990 2000 2020 

I n s t a l l e d  capacity, 10" Mw(electrical)a 

Fuel processed, 10" metric tons/year 

Volume of waste generated, a s  l i qu id  

b 

C 

Annually, los gal/year 

Accumulated, 10' gal  

d Volume of waste generated, a s  so l id  

Annually, 10" ft3/year 

Accumulated, lo3 f t3  

Accumulated r adi  o i  sotope se 
Total  weight, metric tons 

Total  a c t i v i t y ,  megacuries 

Total  heat-generation ra te ,  Mw 

137Cs, megacuries 
l z q ,  curies 

megacuries 

megacuries 

"H, megacuries 

z38Pu, megacuries 
z3sPu, megacuries 

'*OPu,  megacuries 

2 4 1 ~ ,  megacuries 

2 4 2 ~ ,  cur i e s  

f 

f 

f 

f 

f 

14.4 
0.052 

0.01 7 
0.017 

0.17 

0.17 

1.75 
2.08 

0.91 

3.98 
5.27 
1.85 
0.56 

0.033 
0.002 

0.00009 

0.0001 3 
0.0295 

0.354 

153 
2.95 

0.97 

4.40 

9.73 
44.0 

451 
1 8,900 

81.6 

962 
1280 

476 
1 2 4  
7.29 
1.20 

0.022 

0.0409 

6.63 

91 

368 
8.16 

2.69 
23.8 

26.9 
238 

2440 

84,500 

343 
4640 
6540 
2700 

567 
36.2 
8.28 

0.235 

0.395 , 
47.2 

91 0 

735 
14.0 

4.60 
60.1 

46.0 

60 1 

6200 

209,000 

807 

9550 

7550 
1190 

89.5 
30.7 
1.31 

1.91 

191 

4870 

15600 

221 0 

41.7 

13.7 
238 

137 
2380 

24,600 

666,000 

2520 

29,400 

57,500 
32,200 

3900 

332 
166 

8.45 
11.4 

909 

30,900 



Table 4.5. (Cont d. ) 

Calendar Y&r 

1970 1980 1990 2000 2020 

2 4 1 ~ ,  megacuries 
2 4 3 ~ ,  megacuries 

2 4 4 ~ m ,  megacuries 

2 4 2 ~ m ,  megacuries 

0.0089 2.31 22.7 121 

0.0009 0.232 1.49 5.19 
0.128 29.9 137 255 
0.725 43.2 1 85 487 

763 
27.0 

7 00 

1490 

%lata from Phase 3, Case 42,  Systems Analysis Task Force (April  11,  1968). 

bBased on an average exposure of 33,000 Mwd/metric ton, and a delay of 2 years  between power generation and f u e l  processing. 

Assumes wastes concentrated t o  100 gal  per lo4 Mwd (thermal) and a delay of 2 years  between power generation and waste 
generation. 

C 

dAssumes 1 f t3  of so l id i f i ed  waste per lo4 Mwd(therma1). 

Assumes LWR f u e l  continuously i r rad ia ted  a t  30 Mw/metric ton t o  33,000 Mwd/metric ton, and f u e l  processing 90 days a f t e r  
discharge from reac tor ;  LMFBR core continuously i r r ad ia t ed  t o  80,000 Mwumetric ton a t  148 %/metric ton, ax ia l  blanket 
t o  2500 Mwd/metric ton  a t  4.6 %/metric ton, rad ia l  blanket t o  8100 Mwd/metric ton a t  8.4 %/metric ton, .and f u e l  
processing 30 days a f t e r  discharge. 

e 

fAssumes 0.5% of Pu i n  spent f u e l  i s  l o s t  t o  waste. 
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g a l  pe r  10,000 Mwd(thermal), by t h e  yea r  2000. This  w a s t e ,  on conversion 

t o  s o l i d s ,  would y i e l d  a volume of 209,000 f t  . 3 

The t o t a l  accumulation of wastes f o r  a l l  r e a c t o r  types  t o  t h e  year  

2020 i s  shown i n  Table 4.5. I t  w a s  concluded t h a t  t he  volume of waste t o  

be  produced i n  t h e  aqueous processing of a l l  nuc lea r  f u e l s  by t h e  yea r  2000 

i s  n o t  excess ive  ( i . e . ,  6 0 . 1 m i l l i o n  g a l  of l i q u i d ,  o r  600,000 f t  i f  

converted t o  s o l i d s ) .  

of l i q u i d  waste now s t o r e d  a t  t h e  USAEC product ion si tes.  

3 

This  compares wi th  t h e  approximately 80 m i l l i o n  g a l  

The h e a t  gene ra t ion  rates of wastes produced by t h e  processing of LWR 

and LMFBR f u e l s  have important  process  s i g n i f i c a n c e .  The h e a t  gene ra t ion  

rate of t he  waste produced by processing one ton of spen t  LMFBR o r  LWR 

f u e l  is  shown i n  Fig. 4.13 as a func t ion  of t h e  t i m e  fol lowing d ischarge  of 

t h e  f u e l  from t h e  r e a c t o r .  The f u e l  i r r a d i a t i o n  condi t ions  were 33,000 

Mwd/metric ton a t  24.5 M w / m e t r i c  ton f o r  t h e  LWR, as compared wi th  80,000 

Mwd/metric ton  a t  89.3 M w j m e t r i c  ton f o r  t h e  LMFBR. The r a t i o  of h e a t  

genera t ion  of t h e s e  f u e l s  on d i scha rge  from t h e  r e a c t o r s  is  equa l  t o  t h e  

r a t i o  of t h e  r e a c t o r  ope ra t ing  powers (89.3/24.4 = 3.63); however, i t  

decreases  over  t h e  next  3 yea r s  t o  t h a t  of t he  r e s p e c t i v e  f u e l  exposures 

(80,000/33,000 = 2.42), and remains a t  t h a t  va lue  t h e r e a f t e r .  

No estimate has  been made of t he  volumes of gaseous wastes t h a t  would 

be  produced i n  t h e  f u e l  process ing  p l an t s .  However, c a l c u l a t i o n s  have been 

made of t h e  megacuries of 3H and 85Kr t h a t  would be  accumulated (Tables 4.4 

and 4.5). I n  a d d i t i o n ,  i n  f u t u r e  p l a n t s ,  l a r g e  i n v e n t o r i e s  of sho r t - l i ved  

gaseous f i s s i o n  products  w i l l  be  accumulated. For example, t h e  equi l ibr ium 

amounts of 1311, 13%e, and 133Xe i n  a p l a n t  process ing  6 metric tons of 30- 

day-cooled Atomics I n t e r n a t i o n a l  Reference Oxide LMFBR f u e l  (mixed core  and 

b l anke t s )  pe r  day would be  as fol lows:  

6 .3  x 10 c u r i e s ;  and 133Xe, 3.66 x 10 c u r i e s .  I n  p re sen t  commercial f u e l  

processing p l a n t s ,  t h e s e  sho r t - l i ved  r ad ionuc l ides  are e l imina ted  by decay 

of t he  f u e l  p r i o r  t o  processing.  The long-lived 31-1 and 85Kr are discharged 

t o  t h e  environment. 

which are contained i n  short-cooled LMFBR f u e l s ,  and t h e  long-lived nuc l ides  

must be  r e t a ined .  

7 1311, 1.04 x 10 c u r i e s ;  13%e, 
5 6 

I n  f u t u r e  p l a n t s ,  bo th  t h e  sho r t - l i ved  gaseous nuc l ides ,  
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Fig .  4.13. Var i a t ion  of F i s s i o n  Product Heat Generat ion Rate 
(wa t t s )  w i th  Decay Time f o r  One Ton of Spent Fuel  from ( a )  Light -  

Water Reac tors  and ( b )  F a s t  Breeder Reactors .  



Low- and Intermediate-Level  Liquid Wastes. - The es t imated  rates a t  

which in te rmedia te -  and low-level l i q u i d  w a s t e s  w i l l  be  produced by f u e l  

process ing  are shown i n  Table  4.6. A l a r g e  f r a c t i o n  of  t h e  in te rmedia te -  

l e v e l  waste w i l l  probably con ta in  s i g n i f i c a n t  amounts of  long-l ived a lpha  

nuc l ides  and w i l l  b e  combined wi th  t h e  h igh- leve l  wastes. I n  a d d i t i o n  to 

t hese  volumes, i t  can a l s o  b e  assumed t h a t  approximately 3 m i l l i o n  g a l  of 

low-level waste w i l l  b e  produced annual ly  a t  each process ing  p l a n t  from 

sources  such as c e l l  dra inage ,  equipment decontaminat ion,  and l abora to ry  

s i n k s .  

S o l i d  Wastes. - I f  a mechanical decladding method, such as t h e  shear-  

leach process ,  i s  used as t h e  i n i t i a l  p rocess ing  s t e p ,  approximately 270 

kg ( 2 . 1  f t  ) of  metal l ic  cladding w i l l  b e  produced p e r  t on  of f u e l ,  based 

on exper ience  wi th  LWR f u e l s .  Table  4.7 

accumulated volumes of s o l i d  wastes produced by spen t  f u e l  processing from 

1970 t o  t h e  year  2020. 

f u e l  shows 650 kg of alpha-contaminated s t a i n l e s s  s t e e l  cladding waste, 

and 700 kg of f u e l  element hardware conta in ing  induced a c t i v i t y ,  pe r  metric 

ton of heavy metals.3 

waste, and t h e  la t ter  low-level,  f o r  waste d i s p o s a l  purposes.  Experiments 
3 have shown t h a t  t h e  meta l l ic  wastes can b e  compressed t o  s o l i d  b i l l e t s ;  

t h a t  i s ,  1350 kg of  s t a i n l e s s  s teel  cladding can be  compressed t o  8.7 f t  

( a  bu lk  dens i ty  of 5.6 gbcc) .  

c ladding i n  t h e  case of LMFBR f u e l  i s  unknown; however, a l o s s  of 0.01% 

would amount t o  36 kg of plutonium pe r  yea r  for a 5-metric-ton/day p l a n t  

wi th  f u e l  conta in ing  20% Pu02. 

wi th  LWR f u e l s .  

3 
2 shows p ro jec t ed  annual  and 

A t e n t a t i v e  waste management f lowsheet  f o r  LMFBR 

The former would probably b e  considered h igh- leve l  

3 

The p r e c i s e  amount of plutonium l o s t  t o  t h e  

Losses of  about 0.1% have been observed 

4.9.3 S t a t u s  of Waste Management Technology 

Chemical Composition of High-Level Waste. - Five  waste compositions 

t h a t  cover t h e  expected ranges of  chemical compositions of wastes have 

been used i n  development ~ t u d i e s . ~  The range i n  concent ra t ions  of t h e  

s i g n i f i c a n t  chemical c o n s t i t u e n t s  f o r  t h e  f o u r  LWR wastes is  as fol lows 

(based on a volume of 100 g a l / m e t r i c  ton) :  Fe, 0.05 t o  1.0 - M; C r ,  0 .01 

t o  0.02 M; N i ,  0.005 t o  0 .01 M ;  N a ,  0 . 1  t o  4 M;  SO 

0 t o  6 E; wastes from uranium-aluminum f u e l s  con ta in  about 0.65 - M 

0 t o  1.0 - M; a c i d i t y ,  4’ - - - 



Table 4.6. Estimated Volumes of Low- and Intermediate-Level  

Wastesa 

Calendar Year Accumulated 
Ending Gallons per Year Gallons 

1970 
1980 
1990 
2000 

1970 
1980 
1990 
2000 

~ ~ ~~~ 

b In te rmedia te  -Level Waste s 

31,000 31 , 000 

777,000 3.5 x lo6 

2.6 x lo6 2.0 x '107 

3.2 x I O 6  4.9 x io7 

Low -Level Waste sc 

1.6 x io6 

3.9 x 107 

1.5 x lo8 

1 .4  x lo8 

a 
Based on f u e l  process ing  p r o j e c t i o n s  of Phase 3, Case 42, 
Systems Analys is  Task Force (Apr i l  1968). 

bBased on genera t ion  of 200 g a l  of i n t e rmed ia t e - l eve l  waste 
per met r ic  t o n  of f u e l  processed. 

C Based on genera t ion  of 10,000 g a l  of low-level  waste per  
met r ic  t o n  of f u e l  processed.  



Table 4.7.  S o l i d  Wastes from Spent Fuel  ProcessingaJe 

Calendar Year 

1970 I 980 2000 2020 
~~ ~ ~ ~ ~ 

b Volume of c ladding  waste  

Annual, 1 o3 f t 3  0.3 8.3 87 200 

Accumulated, 10" f t "  0.3 37 1,030 3,800 

T o t a l  volume of s o l i d  waste' 

Annual, IO6  f t 3  0.03 0.8 3 7 
Accumulated, IO6 f t"  0.03 4 49 140 

d, e Bur ia l  ground a r e a  

Annual, a c r e s  0.6 16 6L  140 

Accumulated, a c r e s  0.6 70 970 2,800 

a Based on f u e l  process ing  p r o j e c t i o n s  of Phase 3, Case 42,  Systems 
Analysis Task Force ( A p r i l  1968). 

bBased on 2 . 1  f t"  of c l add ing  h u l l s  per  t o n  of LWR f u e l  processed,  and 
8.7 f t 3  of c ladding  hardware pe r  t o n  of LMFBR mixed core  and b l a n k e t s  
pr  oce s sed. 

Based on an average volume of 200 ft" of s o l i d  was tes  pe r  t o n  of f u e l  
processed. 

C 

dE3ased on bur i a l  of 50,000 f t 3  s o l i d  waste per acre of bur i a l  ground. 

e Wastes con ta in ing  s i g n i f i c a n t  amounts of l ong- l ived  a lpha  nuc l ides  
would be t r e a t e d  as h igh - l eve l  wastes .  



A 1 ( N 0 3 ) 2 .  

wastes, and w i l l  c o n t a i n  Fe, N i ,  and C r ,  b u t  no s u l f a t e ,  from p a r t i a l  

d i s s o l u t i o n  of t h e  s t a i n l e s s  s teel  f u e l  cladding. 

LMFBR wastes are expected t o  be chemically similar t o  LWR 

Tank S to rage  of High-Level Aqueous Wastes. - High-level wastes, which 

o r i g i n a t e  mainly from t h e  f i r s t  c y c l e  of s o l v e n t  e x t r a c t i o n ,  c o n t a i n  more 

than 99.9% of t h e  n o n v o l a t i l e  f i s s i o n  products .  The p resen t  p r a c t i c e  i s  

t o  c o n c e n t r a t e  and s t o r e  t h e s e  wastes on an i n t e r i m  b a s i s  i n  underground 

tanks t h a t  are equipped wi th  dev ices  f o r  removing t h e  decay h e a t .  More 

than 80 m i l l i o n  g a l l o n s  of such wastes are now i n  s t o r a g e  a t  v a r i o u s  AEC 

product ion sites; and, i n  s p i t e  of c l o s e  s u r v e i l l a n c e ,  t h e r e  have been 1 4  

known i n s t a n c e s  of t ank  f a i l u r e .  Although t h e  r e s u l t a n t  w a s t e  releases 

have caused no r a d i a t i o n  exposures t o  personnel  and have been r e t a i n e d  i n  

t h e  nea r  v i c i n i t y  of t h e  t anks ,  i t  is  clear t h a t  many of t h e  l iquid-waste  

s t o r a g e  f a c i l i t i e s  now i n  e x i s t e n c e  do n o t  posses s  t h e  necessary degree 

of i n t e g r i t y  t o  permit permanent o r  long-term s t o r a g e .  S to rage  of l i q u i d  

wastes produced i n  f u t u r e  power-reactor f u e l  processing w i l l  b e  even more 

d i f f i c u l t  t han  s t o r a g e  of c u r r e n t  product ion wastes because of t h e  h ighe r  

heat-generat ion rates and t h e  s i g n i f i c a n t  rates of r a d i o l y t i c  hydrogen 

product ion of t h e  former. It should,  n e v e r t h e l e s s ,  be p o s s i b l e  t o  s t o r e  

them s a f e l y  f o r  a l i m i t e d  t i m e  and a t  a n  accep tab le  c o s t ,  provided adequate 

engineered safeguards are b u i l t  i n t o  t h e  s t o r a g e  systems. 

S o l i d i f i c a t i o n  of High-Level Aqueous Wastes. - The a l t e r n a t i v e  t o  

long-term o r  "perpetual"  s t o r a g e  of wastes i n  t anks  i s  conversion of t h e  

w a s t e s  t o  thermally and r a d i o l y t i c a l l y  s t a b l e  s o l i d s  of low s o l u b i l i t y  

f o r  b u r i a l  i n  s e l e c t e d  geo log ic  f o r m a t i o n s - o r  s t o r a g e  i n  man-made v a u l t s .  

Processes  f o r  convert ing t h e s e  wastes t o  s o l i d s  are being developed both 

i n  t h e  United S t a t e s  and abroad. The f o u r  p r i n c i p a l  s o l i d i f i c a t i o n  

methods used i n  t h e  United S t a t e s  are t h e  p o t ,  sp ray ,  phosphate g l a s s ,  

and f luidized-bed p rocesses ,  which were developed a t  Oak Ridge Na t iona l  

Laboratory (ORNL) ,5 P a c i f i c  Northwest Laboratory (PNL) ,6  Brookhaven 

Nat ional  Laboratory (BNL) , 7  and t h e  Idaho Chemical Processing P l a n t  

(ICPP) ,8 r e s p e c t i v e l y .  

have been undergoing demonstration f o r  t h e  AEC a t  f u l l  r a d i o a c t i v i t y  

level,  on an i n d u s t r i a l  scale, a t  PNL s i n c e  November 1966.' 

t i o n  i s  scheduled t o  b e  complete i n  1970. Since 1963, t h e  f luidized-bed 

The p o t ,  sp ray ,  and phosphate g l a s s  p rocesses  

Demonstra- 



process  has  been undergoing demonstrat ion a t  t h e  ICPP i n  a la rge-capac i ty  

p l a n t  ope ra t ing  wi th  in te rmedia te - leve l  r a d i o a c t i v e  wastes. 

next  few yea r s ,  t h e  AEC's w a s t e  s o l i d i f i c a t i o n  development program f o r  

c u r r e n t l y  known concepts  w i l l  b e  completed. 

demonstrated by using wastes from advanced high-exposure f u e l s ,  and t h e  

e f f e c t s  of severe temperature  and r a d i a t i o n  on t h e  p r o p e r t i e s  of t h e  

s o l i d i f i e d  waste products  w i l l  have been measured and eva lua ted .  

d a t a  w i l l  p rovide  r e l i a b l e  bases  f o r  t h e  des ign  and s a f e  ope ra t ion  of 

waste s o l i d i f i c a t i o n  p l a n t s .  

Within t h e  

Each process  w i l l  have been 

These 

I n  t h e  p o t  c a l c i n a t i o n  process ,  t h e  concent ra ted  aqueous wastes are 

evaporated t o  dryness  and then  ca l c ined  i n  a s t a i n l e s s  s teel  pot .  

f i l l e d  wi th  s o l i d s ,  t h e  po t  is  s e a l e d  by welding and becomes t h e  f i n a l  

d i s p o s a l  con ta ine r .  

mixed wi th  glass-forming a d d i t i v e s .  

ca lc ined ,  l i q u e f i e d  i n  a plat inum melter, and t h e  g l a s s  product  is  col-  

l e c t e d  i n  a receiver. I n  t h e  phosphate g l a s s  process ,  t h e  glass-forming 

a d d i t i v e s  are added t o  t h e  waste, t h e  n i t r i c  a c i d  is  removed by d i s t i l l a -  

t i o n ,  t h e  remaining v o l a t i l e s  are removed i n  a plat inum melter, and t h e  

g l a s s  product i s  c o l l e c t e d  i n  a receiver. I n  t h e  f luidized-bed ca lc ina-  

t i o n  process ,  t h e  wastes are ca l c ined  i n  a f l u i d i z e d  bed and t h e  s o l i d  

g ranu la r  product  i s  subsequent ly  d ischarged  t o  a s t o r a g e  b i n  o r  a pot .  

Af t e r  i n t e r im  s t o r a g e ,  t h e  p o t s  from each s o l i d i f i c a t i o n  process  could b e  

t r anspor t ed  t o  a f i n a l  d i s p o s a l  s i te .  The process ing  rates f o r  t h e  t h r e e  

processes ,  as demonstrated i n  t h e  i n d u s t r i a l - s c a l e  tests wi th  h igh- leve l  

r a d i o a c t i v e  wastes a t  PNL, were equ iva len t  t o  0.75 and 0.9 metric ton  of 

uranium p e r  day f o r  8-in.- and 12-in.-diam p o t s  f o r  t h e  pot  process ,  

0.65 metric tonlday f o r  t h e  spray  process ,  and 0.67 tonlday f o r  t h e  

When 

I n  t h e  spray  c a l c i n a t i o n  process ,  t h e  waste i s  f i r s t  

The r e s u l t i n g  mixture  i s  spray- 

phosphate g l a s s  process .  

treat aluminum-type waste t h a t  i s  less r a d i o a c t i v e ,  by two o r  t h r e e  

o rde r s  of magnitude, than h igh- leve l  Purex wastes. I f  a similar s o l i d  

product ion rate i s  assumed f o r  Purex waste, t h e  equiva len t  process ing  

rate would b e  about  9.0 tons  of  uranium pe r  day. 

The f luidized-bed process  has  been used t o  

The c h a r a c t e r i s t i c s . o f  t h e  s o l i d i f i e d  wastes f o r  t h e  fou r  processes  
4 are summarized i n  Table  4 . 8 .  The thermal  conduc t iv i ty  and t h e  h e a t  



a 
Table 4.8. C h a r a c t e r i s t i c s  of S o l i d i f i e d  High-Level Wastes 

S o l i d i f i c a t i o n  Method 

Pot 
Calcine 

SPr aY Phosphate F l u i d i z e d  
Melt Glass Bed 

Form Monolithic 

Scale 

Monoli thic  

M i c r o c r y s t a l l i n e  
b 

Monoli thic  

Glass 

Granular  

Amorphous 
C 

Desc r ip t ion  

Chemical composi t ion,  mole $J 
F i  s s i  on product  oxide s 

. I n e r t  meta l  ox ides  

S u l f u r  ox ides  ( i f  i n  was te)  

Phosphorus ox ides  

.#-SOa 
I 0->90 
0-40 

-0 

1.0-1.7 

.-A 

vl 
o\ 

IS-- 80 

10-50 

0-40 

-0 

5-25 
10-30 

0 

N 60 

Bulk d e n s i t y ,  g/ml 1.1-1.5 2 .7 -3 .2  2 .7-3.0 

Thermal Conductivity, 
Btu hr’l f t - I  0.15-0.25 0.4-0.8 0.4-1.0 0.10-0.25 

M a x i m u m  he a t  g e n e r a t i o n  
d, e r a t e ,  w pe r  l i t e r  of s o l i d  100 

( 8 5 )  
200 
(35) 

21 0 
( 3 W g  

70 
(0.5) 

S o l u b i l i t y  i n  c o l d  wa te r ,  
g cm-2 day-‘ lo-*- 1 o - ~  

Very hard 

1 .o-1 0-1 

S o f t  

1 o - ~  - 1 0-6 

Hard 

1.0-1 0-1 

Hard Har dne s s 
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gene ra t ion  rates are two of  t h e  most important  l i m i t i n g  parameters .  The 

m a x i m u m  pe rmis s ib l e  h e a t  gene ra t ion  rates i n  8-in.-diam d i s p o s a l  p o t s  

are approximately 100 w / l i t e r  f o r  c a l c i n e s  and approximatly 220 w / l i t e r  

f o r  g l a s s  products  i n  o r d e r  t o  main ta in  t h e  cen te r - l i ne  temperature  a t  

900°C and t h e  w a l l  temperature  a t  425°C. These va lues  are equ iva len t  t o  

those  obta ined  f o r  wastes from LWR f u e l s  t h a t  had been i r r a d i a t e d  t o  

20,000 Mwd/metric ton  and cooled 360 and 180 days,  r e s p e c t i v e l y .  

longer  cool ing times would b e  r equ i r ed  b e f o r e  wastes from higher-burnup 

f u e l s  could b e  s o l i d i f i e d  i n  8- in . -dim p o t s .  For t h e  case  of phosphate 

g l a s s  i n  6-in.-diam p o t s  (probably t h e  minimum economical s i z e ) ,  t h e  

m a x i m u m  h e a t  gene ra t ion  rate is  402 w / l i t e r  i n  o r d e r  f o r  t h e  cen te r - l i ne  

and t h e  s u r f a c e  temperatures  t o  b e  maintained a t  938OC and 425OC, 

r e s p e c t i v e l y .  This  va lue  corresponds t o  an  LWR f u e l  i r r a d i a t e d  t o  

40,000 Mwd/metric t on  and cooled f o r  approximately 66 days.  

ca lcu la t ion"  assumes thermal  c o n d u c t i v i t i e s  f o r  phosphate g l a s s  of 

0.58 Btu h r  f t  OF a t  200°C, and 0.84 Btu h r  f t  OF a t  

1000 O c . l1 

f u e l ,  i r r a d i a t e d  t o  an average burnup ( co re  p l u s  b l anke t s )  of 33,000 

Mwd/metric t o n  and cooled f o r  30 days,  would have a h e a t  gene ra t ion  

rate of 860 w / l i t e r  when t h e  f i n a l  volume is  1 f t  

m e t r i c  ton .  

case b e f o r e  t h e  phosphate g l a s s  waste could b e  encapsula ted  in ' 6 - in . -  

d i m  p o t s ,  t o  ensure t h a t  t h e  s t i p u l a t e d  thermal  cond i t ions  w e r e  n o t  

exceeded. S i m i l a r l y ,  pot-calcined LMFBR waste wi th  a thermal  conduc- 

t i v i t y  of 0.26 Btu h r - I  f t- '  OF-' could b e  s o l i d i f i e d  i n  6-in.-diam 

p o t s ,  a f t e r  2.7 o r  1 . 4  yea r s  of cool ing ,  t o  g i v e  a f i n a l  volume of 0 .81 

o r  1.84 f t  /metric ton ,  r e ~ p e c t i v e l y . ~  

importance of thermal  conduc t iv i ty  i n  determining t h e  s i z e  of t h e  

s t o r a g e  vessel. 

Even 

The 

-1 -1 -1 -1 -1 -1 

The w a s t e  from Atomics I n t e r n a t i o n a l  Reference Oxide LMFBR 

3 pe r  10,000 Mwd pe r  

A t o t a l  cool ing  t ime of 90 days would b e  r equ i r ed  i n  t h i s  

3 These va lues  i l l u s t r a t e  t h e  

Thus, i t  is  apparent  t h a t  t h e  c u r r e n t  waste s o l i d i f i c a t i o n  methods, 

which are i n  an advanced s t a g e  of  development, can b e  used t o  s o l i d i f y  

LMFBR wastes i f  t h e  wastes remain i n  l i q u i d  s t o r a g e  long enough t o  reduce 

t h e  h e a t  product ion rates t o  t h e  r equ i r ed  l e v e l s .  



Di lu t ion  of t h e  s o l i d  product  wi th  i n e r t  s o l i d s  i s  another  method 

f o r  decreasing t h e  h e a t  gene ra t ion  rate. For example, i n  i t s  proposed 

new process ing  p l a n t ,  the .Genera1 Electr ic  Company p lans  t o  d i l u t e  t h e  

l i q u i d  waste w i t h  aluminum n i t r a t e  p r i o r  t o  ca l c in ing .  This  t rea tment  

w i l l  l i m i t  t h e  h e a t  gene ra t ion  rate i n  t h e  f i n a l  product  i n  6-in.-diam 

po t s  t o  200 w / l i t e r .  

A sys t ema t i c  survey i s  being made of t h e  wastes expected from aqueous 

processing of f u e l s  from l igh t -water ,  f a s t  b reede r ,  and gas-cooled 

r e a c t o r s  t o  determine t h e  most economical approaches t o  t h e i r  management 

wi th in  t h e  technology t h a t  i s  being developed. While i t  i s  recognized 

t h a t  immediate o r  e a r l y  s o l i d i f i c a t i o n  ( immobil izat ion)  i s  d e s i r a b l e  on 

t h e  b a s i s  of s a f e t y ,  a number of v a r i a b l e s  must be  c o r r e l a t e d  t o  opt imize 

both s a f e t y  and economics. These v a r i a b l e s  inc lude  thermal  conduc t iv i ty ,  

cool ing t i m e  i n  l i q u i d  s t o r a g e ,  number and s i z e  of  po t s ,  d i l u t i o n  wi th  

s o l i d s ,  t h e  combination of  va r ious  in t e rmed ia t e  and h igh- leve l  wastes, and 

cos t  of l i q u i d  s t o r a g e  vs s t o r a g e  as s o l i d s .  Development work t o  charac- 

ter ize  these  wastes and provide t h e  d a t a  r equ i r ed  f o r  t h e  survey i s  under 

way. 

3 

A method of i nc reas ing  t h e  thermal  conduc t iv i ty  of t h e  product  by 

d i spe r s ing  t h e  waste s o l i d s  i n  g l a s s  matrix i s  a l s o  being s t u d i e d  a t  

OWL. 3'12 Simulated s o l i d  waste powder from process ing  high-temperature 

gas-cooled r e a c t o r  f u e l  w a s  d i spe r sed  i n  a l ead  s i l i c a t e  g l a s s  at 800°C. 

The measured thermal conduct iv i ty  of t h i s  d i s p e r s i o n  w a s  1 . 7 3  Btu h r  
-1 

a t  600°C, a f o u r f o l d  i n c r e a s e  over t h a t  of t h e  waste powder. ft-l "f1 

Simulated LWR and LMFBR w a s t e s  have a l s o  been d i spe r sed  i n  a low-melting 

(800-9OO0C), noncorrosive,  b o r o s i l i c a t e  g l a s s  mat r ix  t o  produce products  

conta in ing  up t o  60 w t  % waste s o l i d s .  Recent r e s u l t s  i n d i c a t e  t h a t  t h e  

pot  c a l c i n a t i o n  system can be  used t o  prepare  d i s p e r s i o n  products  and 

thus  e l imina te  t h e  high temperatures  and t h e  plat inum melter customari ly  

used t o  prepare  g l a s s y  products .  I f  t h e  thermal  conduc t iv i ty  proves t o  

b e  as high as 0.94 o r  1 . 4  Btu h r  f t  OF , t h e  minumum cool ing times 

f o r  s o l i d i f i c a t i o n  i n  6-in.-diam p o t s  w i l l  be  0.16 o r  0.53 year f o r  f i n a l  

volumes of 4.89 o r  1.84 f t  p e r  33,000 Mwd p e r  metric ton. 

-1 -1 -1 

3 
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Immobilization of Gaseous High-Level Wastes. - Large i n v e n t o r i e s  of 

3H, and X e ,  w i l l  b e  c o l l e c t e d  i n  f u t u r e  I 2 ’  r a d i o a c t i v e  gases ,  such as K r ,  

f u e l  p rocess ing  p l a n t s .  Some methods f o r  immobilizing these  gases  i s  

r equ i r ed  p r i o r  t o  t h e i r  t r a n s p o r t  t o  a government area f o r  permanent 

d i sposa l .  The c u r r e n t  p r a c t i c e  i n  commercial p l a n t s  involves  e l imina t ing  

most of t h e  sho r t - l i ved  nuc l ides  by decay p r i o r  t o  process ing  and e i t h e r  

r e t a i n i n g  t h e  remaining shor t -  and long-l ived nuc l ides  i n  u n i t s  such as 

c a u s t i c  sc rubbers ,  s i lver  n i t r a t e  towers,  charcoa l  beds,  o r  high-pressure 

c y l i n d e r s ,  o r  d i scharg ing  them t o  t h e  environment. P re sen t  methods t h a t  

can b e  considered f o r  d i s p o s a l  of noble  f i s s i o n  product  gases  inc lude :  

(1) c o n t r o l l e d  d ischarge  t o  t h e  atmosphere, (2) containment and s t o r a g e  

i n  p re s su r i zed  gas  cy l inders ,13  ( 3 )  underground i n j e c t i o n  i n  c a r e f u l l y  

s e l e c t e d  geo log ica l  formations,  and ( 4 )  new proposa ls  f o r  encapsula- 

t i o n .  

1 4  

15 

Release t o  t h e  atmosphere w i t h i n  s a f e t y  l i m i t s  becomes more d i f f i c u l t  

as nuc lea r  i n s t a l l a t i o n s  become l a r g e r  and more numerous. Disadvantages of 

i n j e c t i o n  i n t o  t h e  ground inc lude :  (1) unce r t a in ty  regard ing  even tua l  con- 

taminat ion of t h e  environment, and (2) t h e  probable  requirement f o r  d i s p o s a l  

of a l l  wastes i n  a government area. The use of c y l i n d e r  s t o r a g e  al lows 

c l o s e  s u r v e i l l a n c e  b u t  i nvo lves  t h e  p o s s i b i l i t y  of  a sudden dangerous d is -  

charge i n  t h e  event  of  a r u p t u r e  o r  a l e a k  i n  t h e  con ta ine r .  I t  is  be l i eved  

t h a t  mod i f i ca t ion  of c y l i n d e r  s t o r a g e ,  by adding a t  least one e x t r a  envelope 

of containment,  r e p r e s e n t s  t h e  s a f e s t  p r e s e n t l y  a v a i l a b l e  method f o r  d i s p o s a l  

of gases .15 This  method r e t a i n s  t h e  b a s i c  advantages of compression t o  a 

s m a l l  volume and s t o r a g e  under c a r e f u l l y  c o n t r o l l e d  cond i t ions .  

The amounts of v o l a t i l e  o r  p o t e n t i a l l y  v o l a t i l e  f i s s i o n  products  pe r  

metric ton  of r e fe rence  f u e l  (Table  4.9) and o t h e r  f a c t o r s  must b e  consid- 

e red  i n  s e l e c t i n g  a d i s p o s a l  method. The t o t a l  weight of a l l  i o d i n e  f i s s i o n  

product  i so topes  increases from 429 t o  440 g pe r  metric ton  of f u e l  i f  t h e  

precursors  are n o t  s epa ra t ed .  Greater than  99.7% of t h e  i o d i n e  i s  s t a b l e  

1271 and long-l ived 12’1 a t  30 days cool ing .  The r a d i o a c t i v e  xenon has  

decayed t o  a n e g l i g i b l e  l e v e l  a f t e r  150 days,  and i t s  volume remains a t  

about 13 times t h a t  of  krypton. Therefore ,  i t  may b e  d e s i r a b l e  t o  separate 

and d ischarge  t h e  xenon and hold  only t h e  krypton f o r  long-term s to rage .  



Table 4.9. Amounts of Volatile or Potent ia l ly  Volat i le  Fiss ion Products per Metric Ton of Homogenized LMFBR Fuela 
~ ~~ ~ 

30 Years 30 Days 150 Days 

C i  g l i t e r s (  STP)b l i t e r s (  STP) b C i  g l i t e r s (  STP)b Isotope C i  g - 
3H (12.26 years )  930 9.60 x lo-, 0.78 91 3 9.42 x lo-, 0.77 172 1.78 x 10-3 0.01 5 

83Kr ( s t a b l e )  0 67.1 19.8 0 67.1 19.8 0 67.1 19.8 

(10.76 years )  1.03 x lo4 26.3 7.6 1.01 x io4 25.7 7.4 1.49 x lo3 3.82 1 .1  

Total' Kr 1.03 x lo4 314. 91.9 1.01 x 104 314. 91.9 1.49 x 103 292. 85.5 

1271 ( s t a b l e )  0 111. 10.7 0 114. 11.0 0 117. 11.3 

lZsI (1.6 x lo7 years)  5.16 x lo-, 317. 30.0 5.26 x lo-' 322. 30.5 5.27 x lo-' 323. 30.6 

lS1I (8.05 days) 1.41 x 104 1.14 0.1 4.58 3.7 x 10-6 0.0 0 0 0.0 

Total' I 1.h5 x IO4 h29. 40.8 h. 63 437. 41.5 5.27 x lo-, 440. 41.9 

131rnXe ( 1 2  days) 6.28 x 103 7 . ~ 3  x 10-2 0.014 7.47 8.84 x 0 0 0 0 

la3Xe (5.27 days) 6.52 x lo4 3.50 x 10-1 0.064 9.11 x h.89 x 0 0 0 0 

Total' Xe 7.14 x lo4 4280. 793. 7.48 4280. 793. 0 4280. 793. 
~~~ ~~~ ~~ ~ ~~ ~~ 

aAtomics In te rna t iona l  Reference Fuel (see Sect. 3.1) combined core and blankets; burnup, 33,000 Mud (thermal)/metric ton. 

bGas volume ca lcu la ted  for "H as H3H and I a s  I,. 

'Total for a l l  isotopes.  

Here, STP means 298OK +nd 760 mm Hg pressure. 
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The combined krypton and xenon from 

p e r  day would f i l l  about 76% of a s t anda rd  p r e s s u r i z e d  “K” c y l i n d e r  ( ICC-  

3A 2000). 

processing f i v e  metric tons  of f u e l  

Methods proposed 3’15 f o r  t h e  d i s p o s a l  of gaseous wastes i n c l u d e  conver- 

s i o n  of i o d i n e  and tritium t o  s t a b l e  s o l i d  o r  l i q u i d  compounds such as NaI, 

3HH0,  o r  N a  H S O  f o r  s t o r a g e ,  and s t o r a g e  of krypton as a gas .  The s o l i d  

waste products  would b e  s e a l e d  i n  a s t a i n l e s s  s teel  primary containment 

vessel (such as t h a t  used f o r  h igh - l eve l  wastes) during temporary s t o r a g e  

and shipment t o  a government r e p o s i t o r y .  

ment, as opposed t o  s imple p r e s s u r i z e d  tank s t o r a g e ,  seem d e s i r a b l e  f o r  t h e  

more mobile gases .  Several a l t e r n a t i v e  primary containment methods, each 

of which uses  a s t a i n l e s s  s t e e l  p o t  o r  p r e s s u r e  c y l i n d e r  as a secondary 

containment vessel, w e r e  considered.  These i n c l u d e  entrapment i n  molecular 

s i e v e s  o r  c l a t h r a t e s ,  d i s p e r s i o n  as a foam i n  g l a s s ,  p l a s t i c ,  o r  metal 

media, and d i s p e r s i o n  as microampuls i n  s i m i l a r  media. Some of t h e s e  

concepts have been t e s t e d  i n  prel iminary experimental  work. 

3 
4 

Both primary and secondary contain- 

3,15 

Treatment f o r  Low- and Intermediate-Level Wastes. - New waste 

management concepts i n d i c a t e  t h a t  i n t e rmed ia t e - l eve l  wastes w i l l  probably 

b e  considered only as w a s t e s  which are t r a n s i t o r y  i n  an i n s t a l l a t i o n ,  and 

t h a t  they w i l l  be  converted t o ,  o r  combined wi th ,  high- o r  low-level 

wastes. Many in t e rmed ia t e - l eve l  wastes w i l l  c o n t a i n  s i g n i f i c a n t  amounts 

of long-l ived a lpha  n u c l i d e s  and, as a r e s u l t ,  would b e  c l a s s i f i e d  as high- 

l e v e l w a s t e s .  For example, a l o s s  of 0.01% of t h e  plutonium i n  a 5-metric 

ton-per-day p l a n t  (20% Pu02--80% U02)  t o  t h e  in t e rmed ia t e - l eve l  waste 

would amount t o  36 kg of plutonium p e r  year .  

e f f e c t s  of combining t h e s e  wastes wi th  t h e  normal h igh - l eve l  wastes are now 

being s t u d i e d  a t  ORNL. I n i t i a l  estimates i n d i c a t e  t h a t  t h i s  procedure 

should n o t  i n c r e a s e  t h e  c o s t  of waste management s i g n i f i c a n t l y .  

The chemical and engineer ing 

3 

Low- and in t e rmed ia t e - l eve l  wastes t h a t  c o n t a i n  n e g l i g i b l e  amounts of 

long-lived a lpha  n u c l i d e s  can be handled by techniques similar t o  those  

p r e s e n t l y  i n  use.  .L iqu id  wastes are g e n e r a l l y  t r e a t e d  by d i s t i l l a t i o n ,  

f l o c c u l a t i o n ,  o r  i o n  exchange, and t h e  r e s i d u e s  are then  s t o r e d  or bur i ed  



along wi th  miscel laneous s o l i d  wastes. New techniques are a l s o  a v a i l a b l e .  

The d i s p o s a l  of i n t e rmed ia t e - l eve l  waste-cement s l u r r i e s  i n  deep geo log ic  

formations by hydro f rac tu r ing  has  been developed and demonstrated a t  OWL. 

This  method r e q u i r e s  a f avorab le  geology. However, i t  could n o t  be used 

a t  p r i v a t e  i n s t a l l a t i o n s  i f  r e g u l a t i o n s  r e q u i r e  d i s p o s a l  only on government- 

owned land. 

16 

Another technique developed a t  ORNL is  t h e  d i s p e r s i o n  of intermediate-  

l e v e l  waste r e s i d u e s  i n  a s p h a l t  o r  polyethylene i n  o r d e r  t o  decrease t h e  

s o l u b i l i t y  of t h e  f i n a l  product  and t o  dec rease  t h e  p o t e n t i a l  f o r  a c c i d e n t a l  

release of r a d i o a c t i v i t y  t o  t h e  environment during subsequent s t o r a g e  o r  

b u r i a l .  

r ad ionuc l ides  from s o l i d  r e s i d u e s  by f a c t o r s  of l o 4  t o  10 . 
Dispersion i n  a s p h a l t  o r  polyethylene dec reases  t h e  l each  rate of 

3,17,18 The 

f i n a l  r e s i d u e s  could b e  c o l l e c t e d  i n  inexpensive c o n t a i n e r s  and shipped t o  

a government-controlled d i s p o s a l  area. F u r t h e r  development of t h i s  method 

has  been d e f e r r e d  a t  ORNL. It w a s  concluded t h a t  a s p h a l t  and polyethylene 

have s a t i s f a c t o r y  s t a b i l i t y  t o  r a d i a t i o n  ( i . e . ,  about 10 and >10 r a d s ,  

r e s p e c t i v e l y )  and t h a t  a s p h a l t  and polyethylene are good media f o r  incorpo- 

r a t i n g  o rgan ic  and i n o r g a n i c  in t e rmed ia t e - l eve l  wastes t h a t  do n o t  c o n t a i n  

ox id iz ing  materials such as n i t r a t e s .  

wastes which c o n t a i n  ox idan t s .  Polyethylene is  probably accep tab le  f o r  

use wi th  ox id iz ing  salts ,  b u t  f u r t h e r  s t u d i e s  are requ i r ed  t o  assess t h e  

s a f e t y  of t h i s  system. Polyethylene i s  equa l  t o ,  o r  b e t t e r  than,  a s p h a l t  

on most bases .  Although polyethylene i s  more expensive than a s p h a l t ,  t h e  

c o s t  of t h e  d i s p e r s i o n  medium i s  probably n o t  a s i g n i f i c a n t  f a c t o r  i n  t h e  

c o s t  of ope ra t ing  a nuc lea r  i n s t a l l a t i o n .  

8 9 

Asphalt  is  n o t  recommended f o r  

Shipment of S o l i d i f i e d  Wastes.” - A processor  can e x e r c i s e  consider- 

ab ly  more c o n t r o l  ove r  t h e  s o l i d  wastes l eav ing  h i s  p l a n t  than over t h e  

spen t  f u e l  e n t e r i n g  i t .  For example, cool ing t i m e s  f o r  wastes can e a s i l y  

be v a r i e d  wi thou t  i n c u r r i n g  t h e  economic p e n a l t i e s  t o  which spen t  f u e l  is  

s u b j e c t .  I n  a d d i t i o n ,  waste c o n t a i n e r s  can be designed f o r  shipment v i a  

e i t h e r  t ruck  o r  r a i l ,  whereas t h e r e  may be l i t t l e  o r  no chcice as t o  t h e  

means f o r  t r a n s p o r t i n g  s p e n t  f u e l .  The waste product w i l l  be doubly con- 

t a i n e d ,  f i r s t  by a welded s t a i n l e s s  steel  c o n t a i n e r  and then by t h e  shipping 

cask i t s e l f .  The c a l c i n e d  o r  g l a s s  waste product  i s  r e l a t i v e l y  immobile; 



although t h e  30-ft i m p a c t  a c c i d e n t  cond i t ion  would create some f r a c t u r i n g  

i n  t h e  p roduc t ,  i t  would b e  of l i t t l e  consequence. The 1475'F f i r e  acci-  

dent  cond i t ion  could cause t h e  c e n t e r - l i n e  temperature of ca l c ined  wastes 

t o  i n c r e a s e  above 900°C; however, t h e  consequences of t h i s  thermal t ran-  

s i e n t  do n o t  appear s eve re .  P res su re  i n c r e a s e s  would be s m a l l ,  c e r t a i n l y  

w i t h i n  t h e  resistance c a p a b i l i t i e s  of t h e  s tee l  p o t  whose maximum tempera- 

t u r e  w i l l  b e  i n  t h e  range of 500 t o  600°C. 

t r o l  a v a i l a b l e  over s o l i d  waste shipments,  coupled wi th  t h e  f a c t  t h a t  t h e  

f i s s i o n  products  are i n  a r e l a t i v e l y  nond i spe r s ib l e  form, sugges t s  t h a t  

such shipments should b e  q u i t e  s a f e .  

I n  s h o r t ,  t h e  degree of con- 

Disposal  i n  N a t u r a l  Formations.20 - The most promising method f o r  

disposing of s o l i d i f i e d  h igh - l eve l  wastes is  be l i eved  t o  invo lve  f i n a l  

s t o r a g e  i n  n a t u r a l  s a l t  formations.  Therefore ,  a 19-month demonstration 

d i s p o s a l  of h igh - l eve l  r a d i o a c t i v e  waste s o l i d s  w a s  c a r r i e d  o u t  i n  a s a l t  

mine a t  Lyons, Kansas. Some r e a c t o r  f u e l  w a s  used i n  l i e u  of a c t u a l  

s o l i d i f i e d  wastes. I n  t h e  course of t h i s  program, most of t h e  t e c h n i c a l  

problems r e l a t e d  t o  d i s p o s a l  i n  sa l t  were resolved.  The f e a s i b i l i t y  and 

t h e  s a f e t y  of handl ing h igh ly  r a d i o a c t i v e  materials i n  an underground 

environment were demonstrated; t h e  s t a b i l i t y  of s a l t  under t h e  e f f e c t s  of 

h e a t  and r a d i a t i o n  w a s  shown; and d a t a  on t h e  c reep  and p l a s t i c  flow 

c h a r a c t e r i s t i c s  of s a l t  were obtained.  Cost s t u d i e s  i n d i c a t e  t h a t  t h i s  

method i s  economically accep tab le .  The 2000 acres of s a l t  area t h a t  may 

be committed f o r  d i s p o s a l  purposes by t h e  y e a r  2000 is only a very s m a l l  

f r a c t i o n  of t h e  0.5 m i l l i o n  squa re  m i l e s  t h a t  are unde r l a in  by sa l t  i n  t h e  

United States .  

Dry openings t h a t  could b e  u t i l i z e d  f o r  t h e  s t o r a g e  of r a d i o a c t i v e  

s o l i d  wastes can be excavated i n  rocks o t h e r  than sa l t ;  however, ex t ens ive  

i n v e s t i g a t i o n s  would b e  needed t o  d e f i n e  more p r e c i s e l y  t h e  g e o l o g i c a l  

cond i t ions  t h a t  would determine t h e  use fu lness  of l o c a l  sites w i t h i n  t h e  

most d e s i r a b l e  geographic r eg ions  and t h e  e f f e c t s  of h e a t  and r a d i a t i o n  on 

t h e  enclosed rock media. 

4.9.4 Waste Management Costs 

Economic ana lyses  made of ' i n t e r im  l i q u i d  s t o r a g e ,  po t  c a l c i n a t i o n ,  



i n t e r im  s o l i d  s t o r a g e ,  shipment,  and d i s p o s a l  i n  s a l t  mines i n d i c a t e  t h a t  

t h e s e  ope ra t ions  can b e  accomplished f o r  about 0.02 m i l l  pe r  ki lowatt-hour  

of e l e c t r i c i t y  produced from t h e  o r i g i n a l  f u e l  (Table 4.10). For compari- 

son,  "perpetual"  tank s t o r a g e  of t h e  wastes i n  l i q u i d  form was es t imated  t o  

c o s t  from 0.017 t o  0.018 mill /kwhr.22 

accep tab le  i n  t h a t  they r ep resen t  only about 1% of t h e  t o t a l  fue l -cyc le  c o s t  

a n t i c i p a t e d  f o r  4-mill/kwhr nuc lea r  power (10% of c u r r e n t  processing c o s t s ) ,  

perpe tua l"  s t o r a g e  i n  tanks  does n o t  o f f e r  s a f e t y  commensurate wi th  t h a t  of 

21  

While t h e  c o s t s  of both methods are 

I 1  

s t o r a g e  of s o l i d i f i e d  wastes i n  s a l t  mines. 

These c o s t s  are based on a p l a n t  t h a t  would process  t h e  f u e l  from an 
11 i n s t a l l e d  nuc lea r  capac i ty  of 22,400 e lec t r ica l  megawatts (1.56 x 10 

kwhr/year genera ted) ,  and were computed on t h e  b a s i s  t h a t  a l l  necessary  

c a p i t a l  and ope ra t ing  expenses are recovered during a 20-year per iod  of 

p l a n t  opera t ion .  Waste management u n i t  c o s t s  decrease  only s lowly wi th  

inc reas ing  p l a n t  s i z e ,  perhaps 30% as the  s i z e  inc reases  by a f a c t o r  of 10. 

Thus, i n  1970, waste management may c o n t r i b u t e  10% of a t o t a l  p rocess ing  

c o s t  of 0.20 m i l l / k w h r ( e l e c t r i c a l ) .  However, i n  t h e  yea r  2010, i t  is  

es t imated  t h a t  waste management would c o n t r i b u t e  about  25% of a p red ic t ed  

f u e l  process ing  c o s t  of 0.05 m i l l / k w h r ( e l e c t r i c a l ) .  

The c o s t  of  i n t e r i m  s t o r a g e  of s o l i d i f i e d  waste is  one-third t o  one- 

f i f t h  t h a t  f o r  s t o r a g e  of t h e  same wastes as l i q u i d s ,  and the  c o s t ,  pe r  

u n i t  volume, of 6-in.-diam con ta ine r s  i s  fou r  t i m e s  t h a t  of 2-ft-diam con- 

t a i n e r s .  Thus, t h e r e  i s  a c o s t  i ncen t ive ,  as w e l l  as a s a f e t y  i n c e n t i v e ,  

f o r  producing s o l i d s  wi th  h ighe r  thermal  c o n d u c t i v i t i e s  a t  t h e  earliest 

p r ac t i  c a l  t i m e  . 
The above c o s t  estimates f o r  waste management w e r e  made f o r  a 

government-financed p r o j e c t ,  us ing  1962 c o s t s  and 4% i n t e r e s t  on money. 

They are being r ev i sed  t o  r e f l e c t  p r i v a t e  f inanc ing  using 1969 c o s t s .  The 

f i n a l  c o s t s  are expected t o  i n c r e a s e  from 0.02 t o  0.03-0.05 mil l /kwhr 

( e l e c t r i c a l ) .  The process ing  and waste management c o s t  estimates should 

probably a l s o  be  r ev i sed  upward by about 10% t o  al low f o r  improved contain-  

ment sys t ems  c o s t s ,  inc luding  p rov i s ions  f o r  enhanced removal of rare gases  

and iod ine ,  improved containment of i n t e r n a l  explos ions ,  and earthquake- 

r e s i s t a n t  des ign  and cons t ruc t ion .  The use of improved containment systems 

appears  t o  be more economical than accept ing  t h e  extremely l a r g e  and 



a 
Table 4.10. Management Cos ts  f o r  Acid k e x  and Thorex Wastes 

Management Operation 

In t e r im  S o l i d  Storage Time 

2 Years 30 Years 

b  IO-^ m i l l   IO-^ m i l l  
per kwhr(e) $/ton p e r  kwhr(e) $/ton 

In t e r im  l i q u i d  s torage  0 0 0 0 

Pot c a l c i n a t i o n  i n  6-in.-diam 
p o t s  a t  1/3 yea r  10.7 1640 10.7 1640 

In t e r im  s o l i d  s to rage  1.7  2 60 4.4 760 

Shipment (2000 miles  round t r i p )  . 1.8  2 80 0.4 60 

Disposa l  i n  s a l t  8.7 1340 2.0 310 

Tota l  22.9 3520 17.5 2770 

a 
Present -va lued  a t  4%. 

bBased on a f u e l  exposure of 20,000 Mwd/metric ton.  



remote sttes t h a t  would o therwise  be  r equ i r ed  f o r  l a r g e  processing p l a n t s ,  

e s p e c i a l l y  f o r  short-cooled f u e l .  

4.10 Off-Gas Treatment - Task 10 

4.10.1 In t roduc t ion  

The r o u t i n e  d ischarge  of r a d i o a c t i v e  gases  and e f f l u e n t s  i s  one of 

t h e  major problems f a c i n g  t h e  nuc lea r  f u e l  process ing  indus t ry  today. 

This  problem.wil1 become more a c u t e  as w e  progress  t o  h igher  burnups,  

l a r g e r  p l a n t s ,  and, perhaps ,  shorter-cooled f u e l s .  

The r ad ionuc l ides  of most importance i n  t h e  r o u t i n e  atmospheric 
1311 discharge  from spen t - fue l  process ing  p l a n t s  are 85Kr ,  133Xe, 3H, 

and I2’I. 

hazards  from t h e  release of t h e s e  r ad ionuc l ides  are avoided and t h a t  

p l a n t  personnel  are p ro tec t ed  by t h e  necessary  expedient  of ensur ing  

appropr i a t e ly  low exposures of t h e  p u b l i c  near  t h e  s i t e  boundary. 

Y 

Resu l t s  of our  s t u d i e s  i n d i c a t e  t h a t  worldwide p o l l u t i o n  

Table 4 .11  shows concen t r a t ions  of t h e s e  r ad ionuc l ides  i n  t y p i c a l  

l igh t -water  r e a c t o r  f u e l ,  cooled 5 months, and i n  mixed core-blanket f u e l  

of t h e  Reference Oxide LMFBR, cooled 1, 2 ,  and 5 months. Concentrat ions 

of t hese  nuc l ides  are determined, p r imar i ly ,  by t h e  burnup of t h e  f u e l ,  

t h e  s p e c i f i c  power t o  which t h e  f u e l  was exposed, and t h e  p o s t i r r a d i a t i o n  

decay t i m e ,  s i n c e  t h e  neut ron  abso rp t ion  c r o s s  s e c t i o n s  are low and t h e  

y i e l d s  from f a s t  and thermal  f i s s i o n s  of uranium and plutonium are no t  

g r e a t l y  d i f f e r e n t .  The concen t r a t ions  of t h e  long-l ived nuc l ides  

85Kr(t = 10.8 y e a r s ) ,  3H(t1,2 = 12.3 y e a r s ) ,  and 1291(t112 = 1.6  x 10 7 
-6 112 

years )  a r e  about  0 . 3 ,  0.025, and 1.5 x 10 c u r i e  pe r  megawatt-day of 

burnup, r e s p e c t i v e l y .  Af t e r  30 days of cool ing ,  t h e  concent ra t ions  of 

t h e  sho r t - l i ved  nuc l ides  133Xe(t = 5.3 days) and 1311(t112 = 8 days) 
112 

are about 1200 and 2200 c u r i e s  per  megawatt of r e a c t o r  power, r e s p e c t i v e l y .  

The maximum accep tab le  average annual  concen t r a t ions ,  i n  a i r ,  of t h e  

above gaseous r ad ionuc l ides  a t  t h e  s i t e  boundary of p r i v a t e  p l a n t s  are one- 

t h i r d  of t h e  m a x i m u m  pe rmis s ib l e  concen t r a t ions  (MPC ) as s t i p u l a t e d  by t h e  A 
Code of Federa l  Regula t ions ,  T i t l e  10 ,  P a r t  20, Appendix B ,  Table  11. 
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Table 4.11. Concentrations of Volatile Fission Products 
in Spent Reactor Fuel 

Reactor 
LWR LMFBR (Core + Blanket) 

f i e  1 

Burnup (Mwd/metric ton) 

Specific power (Mw/metric 
ton) 

Decay (days) 

concentration ( c i /me tric ton) 

l33xe 

3H 

33,000 

58 

30 60 150 

11,200 

0.0053 

688 

2.16 

0.038 

io ,  300 io ,  200 io ,  ooo 

74,400 1430 0.010 

932 928 915 

139,000 10,500 4.52 

0.0528 0.0533 0.0537 
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, 

These MPCA va lues  (reduced by t h e  f a c t o r  of 3) i n  C i / m 3  are: 

1 x 3H, 6.7 x I3'I, 3.3 x lo-"; and I2'I, 6.7 x 

There i s  l i t t l e  concern regard ing  r econcen t r a t ion  of noble  gases, and 

probably t r i t i u m ,  i n  t h e  environment and pathways back t o  man. 

example, a concen t r a t ion  of 0.67 x 10 

i n  a i r  a t  70'F.and 40% r e l a t i v e  humidity corresponds t o  a concent ra t ion  

of 9 x C i / m  i n  t h e  water vapor ,  only a f a c t o r  of 3 higher  than t h e  

m a x i m u m  l i m i t  imposed by t h e  above r e g u l a t i o n s  f o r  continuous i n g e s t i o n  

of water by t h e  pub l i c .  It i s  u n l i k e l y ,  t h e r e f o r e ,  t h a t  mechanisms such 

as fog formation o r  r a i n  would cause  hazardous r econcen t r a t ion .  

8 5 ~ r  o r  133~e,  

For 
-8 C i  of tritium p e r  cubic  meter 

3 

129 Addi t iona l  f a c t o r s  must be considered f o r  I3'I and I.. Experimental  

evidence' has  i n d i c a t e d  t h a t  t h e  l3II l i m i t  should be reduced by an 

a d d i t i o n a l  f a c t o r  of 700, t h a t  i s ,  t o  (1 x 10 -10 )(3)-'(700)-' = 4.8 x 
3 C i / m  , as a means of account ing f o r  r econcen t r a t ion  i n  t h e  g ra s s -  

cow-milk pathway t o  t h e  thy ro ids  of s m a l l  ch i ld ren .  

no t  p re sen t ly  e x i s t  f o r  I2'I because of u n c e r t a i n t i e s  i n  t h e  manner i n  

which i t  w i l l  accumulate i n  g r a s s  over long per iods .  We have t e n t a t i v e l y  

assumed a va lue  of (2  x lo-'') (3)-1(700)-1(10)-1 = 1.0 'x 10-l5Ci/m 

t h e  m a x i m u m  accep tab le  concen t r a t ion  f o r  

A similar  l i m i t  does 

3 as 

. The e x t r a  f a c t o r  of 10 12gI 

w a s  der ived  by us ing  t h e  radiochemical  h a l f - l i v e s  of 1311(8 days) and 

12'I(1.6 x 10 7 
y e a r s ) ,  and an assumed h a l f - l i f e  of 80 days f o r  t h e  

res idence  of i o d i n e  on t h e  ground ( i . e . ,  t h e  r a t i o  of h a l f - l i v e s ,  80/8 = 10). 

The res idence  h a l f - l i f e  i s  based on assumptions f o r  l o s s  from resuspension,  

pe rco la t ion ,  e ros ion ,  cropping,  e tc .  The weight of i od ine  on t h e  su r face  

of t h e  ground a t  equi l ibr ium,  0 .5  x 10 g/m , a l s o  appears  t o  be  ade- 

qua te ly  low. On t h i s  b a s i s ,  t h e  accep tab le  concen t r a t i an  of I2'I i n  a i r  

a t  t h e  s i t e  boundary i s  about 50 times lower than  t h a t  f o r  13'1, bu t  t h e  

l3II w i l l  be  c o n t r o l l i n g  f o r  t y p i c a l  r e a c t o r  f u e l s  t h a t  have cooled f o r  

about 5 months o r  less s i n c e  t h e  number of c u r i e s  of I3lI i s  much l a r g e r  

than t h a t  of 

-7 2 

1 2 g I  

Table 4.12 shows t h e  approximate decontamination f a c t o r s  (DF's) t h a t  

are requi red  f o r  t h e s e  v o l a t i l e  e f f l u e n t s  i n  o rde r  t o  achieve t h e  m a x i m u m  

acceptab le  concen t r a t ions  a t  a s i t e  boundary t h a t  i s  2 t o  3 km d i s t a n t ,  i n  



Table 4.12. Approximate Decontamination Fac to r s  Required f o r  V o l a t i l e  E f f l u e n t s  from 
Fuel Processing P lan t s  

S i t e  boundary d i s t a n c e s  of 2 t o  3 km from 100-m s t ack .  

rype of 
E f f l u e n t  

Decay 
Time 
(days)  

Required DF's  f o r  P l a n t  Capaci ty  (me t r i c  tons/day)  of :  

1 5 10 40 

Tri t ium 

I o d i n e  

Noble gas  30a 2 10 20 90 
- 

2 60a,b 1.3 2.6 10 

3 - l a  1 .4  
- - - 

3 x lo8 30b 7 x lo6 4 x 107 7 x 107 

60b 6 x lo6 3 x lo6 6 x lo6 2 x 107 

1 sob 2 x lo2 i x 103 2 x 103 9 x 103 

1 soc 1 x lo2  5 x IO2  1 103 4 x 103 

Burnup = 33,000 Mwd/metric ton .  a 

b S p e c i f i c  power = 58 h / m e t r i c  ton.  

S p e c i f i c  power = 30 Mw/metric ton.  C 
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t h e  d i r e c t i o n  of t h e  p r e v a i l i n g  winds,  from a 100-m s t a c k .  These condi- 

t i o n s  of downwind d i s t a n c e  and s t a c k  he igh t  were assumed t o  r e s u l t  i n  an 

average annual downwind concen t r a t ion  pe r  u n i t  of emission ra te  of 3 x 10 

( C i / m  ) / ( C i / s e c )  a t  t h e  s i t e  boundary. 

-7 

3 A comparison of t h i s  a tmospheric  

concen t r a t ion  parameter as a f u n c t i o n  of m a x i m u m  downwind d i s t a n c e ,  as 

es t imated  f o r  t h e  ORNL, HanfordY2 NRTS, 

presented  i n  F ig .  4.14. The ORNL, Hanford, and NRTS d a t a  i n  t h i s  f i g u r e  

are based on meteoro logica l  c a l c u l a t i o n s  averaged over annual  weather condi- 

t i o n s ,  bu t  are known t o  b e  reasonable ,  based on long-term environmental  

monitoring s t u d i e s .  

s t u d i e s  f o r  13'1 a t  t h e  s i t e  boundary over a per iod  of a year .  

River  d a t a  r e f l e c t  t h e  e f f e c t  of d e p l e t i o n  of t h e  plume t h a t  may r e s u l t  

from t h e  depos i t i on  of r ad ionuc l ides ,  p a r t i c u l a r l y  f o r  an a c t i v e  s p e c i e s  

such as I 

3 and Savannah River  s i tes ,  i s  

The Savannah River  d a t a  are der ived  from a i r  sampling 

The Savannah 
4 

2' 

The 2- t o  3-km d i s t a n c e  from t h e  s i t e  boundary w a s  chosen as a 

reasonable  upper l i m i t  f o r  p r i v a t e  process ing  s i tes .  The average annual  

downwind concen t r a t ion  g e n e r a l l y  a t t a i n s  a m a x i m u m  somewhat s h o r t  of t h i s  

d i s t a n c e  and then  dec reases ,  roughly,  i n  d i r e c t  p ropor t ion  t o  t h e  d i s t a n c e .  

General ly ,  i t  w i l l  be  more economical t o  decontaminate t h e  gas  stream by 

t h e  r equ i r ed  f a c t o r  r a t h e r  than t o  i n c r e a s e  t h e  d i s t a n c e  t o  t h e  s i t e  bound- 

a ry .  Our s t u d i e s  i n d i c a t e  t h a t  s i t e  r a d i i  of 2 t o  3 km are adequate t o  

render  t h e  e f f e c t s  of conceivable  a c c i d e n t a l  releases acceptab le .  

The annual a l lowable  d ischarge  rates f r o m  t h e  1 0 0 - m  s t a c k  t h a t  would 

be  requi red  i n  o r d e r  t o  achieve  t h e  m a x i m u m  accep tab le  concent ra t ions  

( ind iv idua l ly )  a t  t h e  2- t o  3-km-distant s i t e  boundary are about 10,000,000 

C i  of t h e  noble  gases ,  7,000,000 C i  of H ,  o r  5 C i  of i od ine .  I f  t h e  f u e l  

is t o  be  processed a f t e r  only 30 days of cool ing ,  t h e  removal of noble  gas  

3 

should begin f o r  a p l a n t  capac i ty  of about  0.4 ton/day; however, i f  t h e  

cool ing per iod  i s  a t  least  60 days,  removal should begin  f o r  a p l a n t  

capac i ty  of about 4 tons lday .  

are no t  very l a r g e ,  even i n  high-capaci ty  p l a n t s .  On t h e  same b a s i s ,  

removal of H is  n o t  r equ i r ed  f o r  p l a n t s  having c a p a c i t i e s  of less than 

20 t o  30 tons/day,  provided t h e  

r equ i r ed  iod ine  DF's are i n  t h e  range of l o 7  t o  10 

Actua l ly ,  t h e  r equ i r ed  DF's f o r  noble  gases  

3 

3 H i s  v o l a t i l i z e d  up t h e  s t a c k .  The 
8 f o r  30-day-cooled 
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6 7 f u e l ,  10 t o  10 f o r  60-day-cooled f u e l ,  and, i n  t h e  range of c u r r e n t  

technology, 100 t o  1000 f o r  150-day-cooled f u e l .  

The l i m i t s  f o r  t h e  release of r ad ionuc l ides  quoted i n  t h e  preceding 

d i scuss ion  are based on t h e  Code of Federa l  Regulat ions.  However, t h e  

l i c e n s i n g  po l i cy  of t h e  AEC has  tended t o  be  more conserva t ive  than ind i -  

ca t ed  by t h e s e  l i m i t s ,  and t h e  t r end  i n  Federa l  agencies  has  been toward 

more s t r i n g e n t  c o n t r o l s  such t h a t  reduct ions  i n  release l i m i t s  may occur.  

Therefore ,  gas  t rea tment  methods should be  developed which, w i th in  

reasonable  economic l i m i t s ,  can m e e t  s t r i c t e r  requirements  i f  necessary.  

4 .10.2 Iod ine  Reten t ion  

The development of i o d i n e  removal sys t ems  

has  only proceeded as f a r  as t h a t  r equ i r ed  f o r  

processing p l a n t s  do n o t  provide t h e  degree of 

f o r  f u e l  processing p l a n t s  

e a r l y  LWR f u e l s .  Present  

decontamination o r  t h e  

p o s i t i v e  c o n t r o l  t h a t  would be  r equ i r ed  f o r  processing LMFBR f u e l s  cooled 

less than 150 days.  Comparisons between u n i t s  i n  d i f f e r e n t  opera t ing  

p l a n t s  are d i f f i c u l t  and almost  meaningless because of t h e  d i v e r s e  condi- 

t i o n s  encountered i n ,  f o r  example, process  and c e l l  off-gas rou t ing ,  op- 

e r a t i n g  procedures ,  and off-gas composition ( p a r t i c u l a t e s ,  o rganics ,  e t c . ) .  

A t  p r e sen t ,  t h e r e  i s  n o t  s u f f i c i e n t  knowledge of t h e  chemical behavior  

of i od ine  under t h e  va r ious  cond i t ions  encountered i n  a f u e l  processing 

p l a n t  ' t o  des ign  an off-gas  system requi red  f o r  short-cooled LMFBR f u e l s .  

W e  know t h a t  i o d i n e  e x i s t s  i n  a t  least t h r e e  ox ida t ion  states and forms 

a v a r i e t y  of compounds wi th  va r ious  i m p u r i t i e s ,  some of which are vola- 

t i  4 . It w i l l  be necessary  t o  s y s t e m a t i c a l l y  s tudy  t h e  chemistry of 

i od ine  i n  t h e  shear ing  s t e p ,  t h e  vo lox id ize r ,  t h e  d i s s o l u t i o n  s t e p ,  t h e  

a c i d  and c a u s t i c  sc rubber ,  t h e  charcoa l  t r a p s ,  and t h e  s i l v e r  bed, using 

a range of temperatures ,  off-gas compositions,  and oxidat ion-reduct ion 

condi t ions .  

chosen t o  remove and p o s i t i v e l y  r e t a i n  i o d i n e  t o  t h e  degree requi red  f o r  

short-cooled LMFBR f u e l  processing.  

Only a f t e r  such s t u d i e s  have been made can processes  be  



I n  a d d i t i o n ,  i t  w i l l  b e  necessary  t o  make engineer ing-sca le  tes ts  of 

equipment and process  des ign ,  and f i n a l l y  h o t - c e l l  and h o t  p i lo t -p l an t -  

s c a l e  tests, t o  prove t h e  r e l i a b i l i t y  of t h e  i o d i n e  r e t e n t i o n  system. 

Present  Processing Systems - Hanford and Savannah River.  - The 

t rea tment  u n i t s  are similar a t  both i n s t a l l a t i o n s ;  i n  each case, t h e  over- 

a l l  removal e f f i c i e n c y  does n o t  g r e a t l y  exceed t h a t  r equ i r ed  f o r  off-gases  

from r e l a t i v e l y  low-burnup f u e l  cooled 120 t o  150 days.  A t  t h e  Hanford Purex 

P l a n t ,  t h e  equipment sequence a f t e r  t h e  d i s s o l v e r  i s  as fol lows:  up- o r  

downdraft condenser,  s i l v e r  r e a c t o r ,  f i l t e r ,  two bubble-cap n i t r i c  a c i d  

scrubbers ,  f i l t e r ,  and s t a c k .  About 80% of t h e  i o d i n e  is  v o l a t i l i z e d  from 

t h e  d i s s o l v e r .  Approximately 80% of t h e  i o d i n e  r e l eased  from t h e  s t a c k  

o r i g i n a t e s  i n  t h e  v e s s e l  off-gas  system, which con ta ins  o rgan ic  vapors .  

Only about  20% comes from t h e  s e p a r a t e  d i s s o l v e r  off-gas  system. 

vessel off-gas system, as opposed t o  t h e  d i s s o l v e r  off-gas system, t h e  

s i l v e r  r e a c t o r  is  n o t  opera ted  a t  a s u f f i c i e n t l y  high temperature  t o  ob- 

t a i n  e f f i c i e n t  i o d i n e  removal because of t h e  p o s s i b i l i t y  of an explos ion  
5 wi th  t h e  organic  vapors .  The o rgan ic  vapors  a l s o  form methyl and o t h e r  

6 a l k y l  i o d i d e s ,  which are n o t  e f f i c i e n t l y  r e m ~ v e d . ~  

produce i o d i n e  DF's of 100 t o  1000, and t h e  two n i t r i c  a c i d  scrubbers  

provide a t o t a l  DF of about  150. The i o d i n e  concen t r a t ion  downstream of 

t h e  s i lver  r e a c t o r s  varies from 25 t o  80 p C i / f t  . Previous ly ,  a c a u s t i c  

sc rubber  w a s  used i n s t e a d  of t h e  second a c i d  scrubber ;  bo th  u n i t s  showed 

about t h e  same e f f i c i e n c y ,  namely, a DF of about  3. 

I n  t h e  

The s i l v e r  r e a c t o r s  
5 

3 

Dounreay. - Normally, t h e  f a c i l i t y  a t  Dounreay uses  an updra f t  packed 
condenser followed by a water scrubber ,  which g i v e s  an i o d i n e  DF of 2 .  798 

A 1 M  H N O ~ - - O . O O l ;  Hg(N03)2 scrubber  w a s  i n s t a l l e d  f o r  use  wi th  90-day- 

cooled 9 w t  % Mo--91% U f a s t  r e a c t o r  f u e l s .  About 95% of t h e  i o d i n e  was 

v o l a t i l i z e d  from t h e  d i s s o l v e r ,  and t h e  i o d i n e  DF a c r o s s  t h e  scrubber  w a s  

200 t o  250. The low decontamination f a c t o r  w a s  a t t r i b u t e d  t o  t h e  presence 

of organic  iod ides .  

Windscale and Eurochemic: - These p l a n t s  were designed t o  use  fumeless 

(02 a d d i t i o n )  d i s s o l v e r s ,  c a u s t i c  sc rubbers ,  and charcoa l  absorbers ,  bu t  

they have n o t  had a s u f f i c i e n t  concen t r a t ion  of i o d i n e  p re sen t  t o  o b t a i n  

accu ra t e  measurements on t h e  e f f i c i e n c y  of i o d i n e  removal. 



ICPP. - A t  t h e  Idaho Chemical Processing P l a n t ,  short-cooled f u e l s  
4 have been processed (RaLa process)  t o  produce 137Ba, wi th  up t o  2.5 x 10 

C i  of i od ine  p re sen t  i n  a d i s s o l v i n g  u n i t .  The equipment sequence i s :  

condenser,  Hg(N03)2--HN0 

(20 P I -  The o v e r a l l  i o d i n e  DF w a s  3 x 10 as measured a t  t h e  s t a c k .  

S ince  the  sampling s t a t i o n s  and ce l l s  vent  d i r e c t l y  t o  t h e  s t a c k ,  t h e  decon- 

taminat ion e f f i c i e n c y  of t h e  u n i t s  may b e  h igher .  The e f f i c i e n c y  of t h e  

mercury scrubber  w a s  n o t  measured, b u t  t h e  charcoa l  bed and f i l t e r  showed 

an o v e r a l l  DF of 38. The charcoa l  bed removed 99.99% of t h e  gaseous iod ine  

bu t  only 88% of t h e  p a r t i c u l a t e  i od ine .  

used i n i t i a l l y ,  removed 90% of t h e  iod ine ;  when t h e  c a u s t i c  contained 0 . 1  - M 

t h i o s u l f a t e ,  about  97% w a s  removed. 

sc rubber ,  charcoa l  bed, and micrometa l l ic  f i l t e r s  
4 3 

A c a u s t i c  sc rubber  ( 1  - M NaOH), 

13 Nuclear Fuel  Services. - The i n i t i a l  equipment sequence w a s  as 

fol lows:  downdraft condenser,  a c i d  scrubber ,  s i l v e r  r e a c t o r ,  abso lu t e  

f i l t e r ,  and s t a c k .  An i o d i n e  DF of about 1 3  i s  requ i r ed  wi th  p re sen t  1.5- 

year-cooled f u e l s ,  b u t  a DF of 500 t o  1000 w i l l  b e  r equ i r ed  wi th  150-day- 

cooled,  high-burnup f u e l s .  The s i l v e r  r e a c t o r  has  been rep laced  wi th  a 

c a u s t i c  sc rubber  l a r g e l y  because of t h e  c o s t  of s i lver  bu t  a l s o  because of 

opera t ing  problems. 

high-burnup f u e l s ,  and s i l v e r  requirements  r ise  accordingly.  An e x t r a  

f i l t e r  t o  assist i n  meeting p a r t i c u l a t e  d i scha rge  requirements i s  a l s o  

S i g n i f i c a n t  weights  of i o d i n e  (12'1) are p resen t  i n  

being considered,  a long wi th  a s i l v e r  z e o l i t e  bed f o r  removal of s m a l l  

amounts of o rgan ic  iod ides .  

- TRU. - The Transuranium Processing P l a n t  (TRU) a t  ORNL processes  

plutonium, curium, and ca l i forn ium t a r g e t s  from t h e  HFIR a f t e r  1 t o  10 

days of cool ing .  

The s t e p s  used t o  process  t a r g e t s  are: (1) d i s s o l u t i o n  of t h e  aluminum 

( j a c k e t  and mat r ix  m a t e r i a l ) ,  us ing a NaOH--NaNO s o l u t i o n ;  (2) d i sso-  

l u t i o n  of t h e  a c t i n i d e  oxide,  using 6 - M H C 1 ;  (3) s e p a r a t i o n  and recovery 

of t h e  unburned plutonium v i a  ba t ch  e x t r a c t i o n  from 6 - M H C 1 ,  us ing 1 - M 

HDEHP i n  DEB; ( 4 )  decontamination of t h e  t ransplutonium elements ,  using 

t h e  Tramex s o l v e n t  e x t r a c t i o n  process;  (5) s e p a r a t i o n  of americium and 

curium from t h e  t ranscurium elements ,  using LiC1-based anion exchange; 

Each t a r g e t  con ta ins  about 200 C i  of I3'I a t  d ischarge .  

3 

(6) f u r t h e r  p u r i f i c a t i o n  of plutonium, using a second cyc le  of t h e  Pubex 



176 

process ;  and (7) s e p a r a t i o n  and p u r i f i c a t i o n  of t h e  t ranscurium elements ,  

using labora tory-sca le  equipment. 

1311 During t h e  f i r s t  campaign i n  TRU, a few hundred m i l l i c u r i e s  of 

w e r e  r e l e a s e d  t o  t h e  environment; during t h e  second campaign, about  2 C i  

were re l eased .  These q u a n t i t i e s  represented  from 1 t o  2% of t h e  o r i g i n a l  

i n v e n t o r i e s  of I3lI a t  t h e  t i m e s  of t h e  aluminum d i s s o l u t i o n s .  

w e r e  no p rov i s ions  f o r  sampling off-gas  streams t o  determine DF's. 

i od ine  w a s  r e l e a s e d  i n  spurts--not  continuously--and i t  w a s  n o t  p o s s i b l e ,  

i n  most cases, t o  determine p r e c i s e l y  which process  s t e p s  had caused t h e  

releases. However, t h e  releases appeared t o  b e  c l o s e l y  r e l a t e d  to :  (1) 

t h e  t r a n s f e r  of c a u s t i c  s o l u t i o n s  between tanks ,  and ( 2 )  t h e  Pubex process  

s t e p s  t h a t  involved a i r  sparg ing  t o  con tac t  t h e  aqueous and organic  phases.  

The off-gas system cons i s t ed  of a c a u s t i c  sc rubber  followed by iodine-  

impregnated charcoa l .  On t h e  b a s i s  of d a t a  c o l l e c t e d  during t h e  campaigns, 

p lus  some l abora to ry  d a t a ,  w e  concluded t h a t  t h e  charcoa l  t r a p s  were 

being poisoned by organic  vapors.  

There 

The 

P r i o r  t o  t h e  t h i r d  campaign, a small, experimental  off-gas  system 

was i n s t a l l e d .  Every tank  t h a t  w a s  expected t o  con ta in  a s i g n i f i c a n t  

q u a n t i t y  of 1311 w a s  vented through t h i s  system. 

compared wi th  300 cfm f o r  t h e  p l a n t )  off-gas  stream w a s  t r e a t e d  i n  a 

c a u s t i c  sc rubber  t o  remove H C 1  vapors .  

c a l l y  t o  35OoC, passed through a bed of ox ida t ion  c a t a l y s t  (Mine Sa fe ty  

Applicance Company's "Hopcal i te") ,  cooled t o  130"F, passed through a 7-in.- 

t h i c k  bed of iodine-impregnated charcoa l ,  and then  added t o  t h e  p l a n t  

c u b i c l e  and v e s s e l  off-gas  stream. 

The smaller (5 cfm as 

The gas  w a s  then  hea ted  electri-  

The i o d i n e  DF ac ross  t h e  c a t a l y s t  bed, coo le r ,  and charcoa l  bed 
4 w a s  as high as 2 . 8  x 10 f o r  t h e  f i r s t  two days p r i o r  t o  i n t r o d u c t i o n  

of t h e  o rgan ic  s o l v e n t  i n t o  t h e  system f o r  t h e  e x t r a c t i o n  of plutonium. 

The DF averaged 1 x lo3  dur ing  t h e  remainder of t h e  campaign. 

decrease  i n  DF is  be l i eved  t o  b e  t h e  r e s u l t  of  incomplete ox ida t ion  of 

organic  materials during pe r iods  when t h e  o rgan ic  concen t r a t ion  w a s  very 

h igh  i n  t h e  a i r  e n t e r i n g  t h e  ox id ize r .  P r i o r  t o  t h e  i n t r o d u c t i o n  of 

organic  materials i n t o  t h e  system, t h e  r a t i o  of  t h e  t o t a l  13'1 i n  t h e  

This  
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p l an t  (300 Ci) t o  t h e  amount r e l e a s e d  pe r  day from t h e  s m a l l  t reatment  

system (0.004 mCi) w a s  7.5 x 10 . 7 14 

While t h i s  performance cannot be  ex t r apo la t ed  t o  a l a r g e  f u e l  proc- 
8 e s s i n g  p l a n t ,  i t  i s  encouraging t o  n o t e  t h a t  r e t e n t i o n  f a c t o r s  of 10 are 

ob ta inab le  under c a r e f u l l y  c o n t r o l l e d  cond i t ions  i n  an engineer ing-scale  

opera t ion .  

P o t e n t i a l  Iod ine  Removal Methods. - Iod ine  i s  p resen t  i n  many forms 

i n  f u e l  process ing  of f -gas ,  f o r  example, 12, H I ,  H O I ,  o rganic  iod ide  

vapors and a e r o s o l s  ( p a r t i c l e s ) ,  i no rgan ic  i o d i d e  a e r o s o l s ,  and va r ious  

forms of i od ine  sorbed on o rgan ic  o r  i no rgan ic  p a r t i c l e s .  The presence 

of m u l t i p l e  spec ie s  makes i o d i n e  removal d i f f i c u l t .  E i t h e r  several removal 

methods m u s t  be  used, o r  t h e  i o d i n e  mus t  be  converted t o  a s i n g l e  form 

which i s  removed e f f i c i e n t l y .  Conversion t o  e lemental  i od ine  may meet 

t h i s  o b j e c t i v e  s i n c e  s e v e r a l  methods show peak e f f i c i e n c i e s  f o r  removal 

of t h i s  r e a c t i v e  s p e c i e s .  

Literature conta in ing  va luab le  information on t reatment  systems f o r  

i od ine  i s  a v a i l a b l e  from t h e  Nuclear Sa fe ty  Program l5-I7 and f u e l  proc- 

e s s ing  p l a n t s .  However, much of t h i s  i s  d i f f i c u l t  t o  i n t e r p r e t  f o r  use i n  

f u e l  processing p l a n t s .  

( sp rays ,  foams, s i l v e r  s u r f a c e s ,  e t c . )  are n o t  always app l i cab le  t o  those  

of processing p l a n t s .  The l a t t e r  r e q u i r e  continuous t rea tment  methods which 

can remove kilograms of i od ine  p e r  day. 

a v a i l a b l e  from u n i t s  i n  p re sen t  f u e l  process ing  p l a n t s ,  b u t  i t  l a r g e l y  

c o n s i s t s  of o v e r a l l  DF's r a t h e r  t han  a n a l y s i s  of performance by s p e c i e s  of 

i od ine .  Thus, complete and a c c u r a t e  k i n e t i c  eva lua t ion  of t rea tment  sys t ems  

is  n o t  a v a i l a b l e ,  and scale-up and p r o j e c t i o n  f o r  new sys t ems  are impossi- 

b l e  without  f u r t h e r  d e t a i l e d  da t a .  

The systems developed i n  t h e  Nuclear Safe ty  Program 

Valuable p r a c t i c a l  in format ion  i s  

Source of Species .  - Elemental i od ine  i s  formed d i r e c t l y  by hea t ing  

f u e l s  o r  during d i s s o l u t i o n  of f u e l s  i n  ac id .  Ni t rous  a c i d  conver t s  

i od ides  o r  i o d a t e s  t o  e lementa l  i od ine .  Ioda te s  are formed from oxida- 

t i o n  of I by n i t r i c  ac id ;  i od ides  are formed by r e a c t i o n  of I wi th  2 2 
r educ tan t s  such as uranium metal. Hypoiodous a c i d  (HOI) i s  formed by 

hydro lys is  of i o d i n e  (H 0 + I + H+ + I- + HOI); thus the  formation of 2 2 
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H O I  i s  favored a t  h igh  pH. 

con tac t  i o d i n e ,  and a l s o  by r a d i o l y s i s  of o rgan ic  materials i n  t h e  presence 

of i od ine .  

gan ic  iod ides  are produced i n  e i t h e r  l i q u i d  o r  vapor phases .  

components are der ived  from i m p u r i t i e s  i n  o r  on t h e  f u e l s ,  s o l v e n t s ,  degra- 

d a t i o n  of s o l v e n t s ,  i m p u r i t i e s  i n  a i r ,  etc.  Organic i o d i d e s  have been 
18 produced by hea t ing  f u e l  elements and i n  t h e  off-gases  from t h e  Purex 

p l a n t s  a t  Hanford" and Savannah River.  The major c o n s t i t u e n t s  were 

methyl,  b u t y l ,  hexy1,and h e p t y l  i od ides ,  a l though some o c t y l  i o d i d e  was 

de t ec t ed .  

Organic iod ides  are formed when o rgan ic  vapors 

Methyl i o d i d e  has  rece ived  t h e  most s tudy ,  b u t  many o t n e r  or- 

The organic  

20 

1 7  F i n a l l y ,  va r ious  a e r o s o l s  and p a r t i c u l a t e s  have been repor ted .  

Aqueous Scrubbers.  - Scrubbing, which is  a primary chemical engineer ing  

method f o r  removing l a r g e  masses of chemicals from off-gas streams, i s  t h e  

p r e f e r r e d  primary t rea tment  method f o r  process ing  p l a n t s  where kilograms of 

i o d i n e  (and n i t r o g e n  oxides)  must be  r e t a i n e d .  Eggleton2' made a t h e o r e t i c a l  

s tudy  ( i . e . ,  c a l c u l a t i o n s )  of p a r t i t i o n  c o e f f i c i e n t s ,  which i n d i c a t e s  t h a t  

extremely h igh  scrubber  e f f i c i e n c i e s  can be .ob ta ined  by proper  c o n t r o l  of 

v a r i a b l e s .  

t i o n  c o e f f i c i e n t s  vary from 83 a t  h igh  i o d i n e  concent ra t ions  and low pH 

l e v e l s  t o  g r e a t e r  t han  10,000 a t  h igh  pH l e v e l s  and low i o d i n e  concentra- 

t i o n s .  The va lues  a t  100°C are smaller than  those  a t  25°C a t  high iod ine  

concen t r a t ions  b u t  i n c r e a s e  more r a p i d l y  as t h e  pH i s  increased  and t h e  

i o d i n e  concen t r a t ion  is  decreased. 

agents  are extremely important ,  p a r t i c u l a r l y  wi th  d i l u t e  i o d i n e  s o l u t i o n s .  

and could exp la in  many of t h e  anomalous va lues  i n  t h e  l i t e r a t u r e .  

Assuming e lementa l  i o d i n e  as t h e  only v o l a t i l e  s p e c i e s ,  p a r t i -  

The e f f e c t s  of  ox id iz ing  and reducing 

Caus t ic .  - Caus t i c  i s  t h e  most important  sc rub  s o l u t i o n  because of 

i t s  h igh  p o t e n t i a l  e f f i c i e n c y  f o r  i o d i n e  removal and i t s  s u i t a b i l i t y  as 

a s t o r a g e  medium f o r  t h e  i o d i n e  (Table 4.13). Caus t i c  sc rubbers  have been 

s t u d i e d  and used ex tens ive ly  i n  p l a n t  i n s t a l l a t i o n s .  

show t h a t  c a u s t i c  removes I and H I  wi th .  DF's as h igh  as 10 t o  10 . 
Coops obta ined  a DF of g r e a t e r  than  l o 4  i n  a moderately l a r g e  h o t - c e l l  

However, c a u s t i c  sc rubbers  are probably i n e f f i c i e n t  f o r  re- scrubber .  

moving o rgan ic  iod ides ,  o r  p a r t i c l e s .  The chemistry and t h e  performance 
26 of H O I  are l a r g e l y  unknown. Cartan e t  a l .  

s p e c i e s  from a l k a l i n e  s o l u t i o n s  i s  H O I  o r  a s p e c i e s  i n  equi l ibr ium wi th  

Laboratory s t u d i e s  
2 4 9,22-24 

2 

25 

sugges t  t h a t  t h e  v o l a t i l e  



Table 4.13. Methods f o r  Removal of Iodine from Off-Gas Streams 

Species evaluated: I,, H I ,  HOI, organic iodides (MeI,a e tc .  ) 

Performance 
Comments System 

Good Poor Unknown 

Caustic so lu t ion  I,, HI 

Caustic solut ion with addi t ives  I,, 
( th iosu l fa te  f o r  reduction or 
amines f o r  f ixa t ion)  

Dilute  n i t r i c  acid 12, H I  

Mercuric n i t ra te - -n i t r ic  acid 

Activated charcoal  

. Impregnated charcoal (KI) 

Impregnated charcoal 
( t r ie tb lenediamine  ) 

Silver  reac tors  (1  85°C) 12, HI 

Qdrous zirconium oxide 
(saturated with iodine) 

Impregnated zeol i te  ( s i l v e r )  

Ion-exchange r e s i n s  12, HI 

Catalyt ic  oxidizer  
(Hopcalite ca ta lys t ,  -0,j 
150-5OO0C, charcoal bed) 

I,, HI, 
Me I 

Me1 I%)I 

Me1 
HOI 

Me1 
HOI 

HOI 

Me1 HOI 

HOI 

Me1 , 
HOI 

Me1 HOI 

HOI 

MeI, 
HOI 

HOI 

Par t i t ion  coef f ic ien ts  of 102-104 dependent on pH 
and redox potent ia l ;  reported data  e r r a t i c  because 
of presence of ale1 iodides or part iculates .  

Conflicting data  on eff icacy of additives; probably 
affected by presence of other species. 

Economically a t t r a c t i v e  f o r  n i t r i c  acid recycle; 
e f f i c i e n t  a t  low I, concentrations. 

Improves DF and loading a t ta inable  with n i t r i c  
acid; equilibrium data are  needed. 

I, capacity not  seriously affected by organic 
matter, or carbon dioxide; f i r e  hazard with 
nitrogen oxides. 

Me1 (but not I,) capacity seriously affected by 
organic, water, or carbon dioxide vapors; f i re  
hazard with nitrogen oxides. 

Me1 (but not I,) capacity affected by CO,, bu t  not 
ser iously affected by organics or water; combination 
with KI-impregnated charcoal a t t rac t ive ;  t r i e t h y l -  
enediamine released a t  approximately 190°C. 

Cost of s i lver  may be excessive f o r  primary u n i t ;  
requires high temp.; operating problems i n  main- 
ta in ing  temp. and i n  regeneration. 

Zirconium oxide i s  inexpensive; good f o r  I,; does 
not burn. 

Cost of s i l v e r  may be excessive f o r  primary m i ;  
l i t t l e  operating experience; does not  burn; good 
a t  high temperature. 

Possibly uneconomical; operating problems i n  
maintaining wet surfaces. 

Converts organic iodides t o  CO,, QO, I,; requires  
high temperature. 

%e1 = methyl iodide. 
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i t .  They found t h a t  t h e  r a t i o  of t h e  v o l a t i l e  species t o  e lementa l  i od ine  

w a s  g r e a t e r  than  10 i n  t h e  gas  sparged from water a t  pH 10.2 ( cond i t ions  

which f avor  t h e  formation of  HOI). 

measured, b u t  c a l c u l a t i o n s  i n d i c a t e  t h a t  i t  should b e  less than  t h a t  of 

iodine.21 The reasons  f o r  t h e  r e l a t i v e l y  poor performance of l a r g e  scrub- 

b e r s  a t  Idaho12 and Hanford ( i . e .  -70% and 90% removal, r e s p e c t i v e l y )  are 

unknown. The low concen t r a t ions  of i o d i n e  i n  t h e  gas  phase,  t h a t  is ,  

1 x t o  80 x pg I , / f t 3  could b e  a f a c t o r  a t  Hanford. (Concentra- 

t i o n s  have n o t  been r epor t ed  a t  Idaho.)  Tests of t h e  c a u s t i c  sc rubber  

f o r  t h e  Oak Ridge Research Reactor showed a removal e f f i c i e n c y  of  99%, 

wi th  an i n l e t  i o d i n e  concen t r a t ion  of 15  u g / f t  . 
unknown amounts of p a r t i c u l a t e s  and o rgan ic  iod ides  p re sen t .  No r e p o r t s  

have been found i n  t h e  l i t e r a t u r e  which relate t h e  e f f i c i e n c i e s  o r  k i n e t i c s  

of c a u s t i c  scrubbing t o  i r r a d i a t i o n  ra te ,  concen t r a t ion  of i o d i n e  i n  both 

phases ,  concen t r a t ion  of c a u s t i c ,  temperature,  and con tac t ing  e f f i c i e n c y .  

The vapor p re s su re  of H O I  has  n o t  been 

6 

18,19 

3 Other f a c t o r s  are t h e  

The use  of a d d i t i v e s  with c a u s t i c  t o  reduce 9919917 i o d i n e  and 

i o d a t e  t o  i o d i d e  i n c r e a s e s  t h e  removal e f f i c i e n c y  f o r  i od ine .  Thio- 

s u l f a t e  i s  a commonly used reductan t .  The removal e f f i c i e n c y  of  t h e  

Idaho system increased  from 90 t o  97% when t h e  c a u s t i c  contained 

t h i o s u l f a t e .  

Ni t r ic  Acid and Mercuric Nitrate--Nitric Acid. - N i t r i c  a c i d  and 

S t r ~ m a t t ~ ~  s t u d i e d  

mercur ic  n i t r a t e - - n i t r i c  a c i d  are e f f e c t i v e  scrubbing media f o r  removing 

both iod ine  and n i t r o g e n  oxides  from gas  streams. 

t h i s  system as a func t ion  of t h e  concen t r a t ions  of HN03, Hg(N03)2, and 

12; flow rate;  and temperature.  Iod ine  removals g r e a t e r  than  99.9% were 

obta ined  a t  iod ine  gas-phase concen t r a t ions  (<7  x lo-' g/ml) w i th  e i t h e r  

5% HN03 o r  5% HNO t h a t  was M i n  Hg(N0 ) With h ighe r  i o d i n e  

concent ra t ions  (1 x 10 g/ml) ,  t h e  r e t e n t i o n  i n  t h e  pure a c i d  system 

dropped t o  50% , whereas wi th  a Hg(N0 ) - HNO system - M Hg) t h e  

removal remained a t  g r e a t e r  than  99.9%. Crouse e t  a1.28 have shown t h a t  

methyl i od ide  and a l k y l  i o d i d e s  as h igh  as 2-octyl  i od ide  react r a p i d l y  

(dodecyl reacts s lowly)  wi th  t h e  Hg(N0 ) HNO scrubbing s o l u t i o n .  Re- 

moval e f f i c i e n c i e s  of g r e a t e r  than  99.9% were obta ined  f o r  methyl i od ide .  

3 2 '  - 
-7 3 

3 2  3 

3 2- 3 
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S i l v e r  Reactors .  - S i l v e r  r e a c t o r s  have been used r o u t i n e l y  a t  

Hanford and Savannah River  f o r  many years .  

t o  99.9% i n  p l a n t  ope ra t ions .6  

f o r  e f f i c i e n t  opera t ion .  A t  h ighe r  temperatures  (413OF) the  s i l v e r  n i t r a t e  

coat ing melts and runs o f f ,  whi le  a t  temperatures  below t h e  condensat ion 

po in t  of n i t r i c  a c i d  (-230°F) t h e  s i lver  n i t r a t e  coa t ing  d i s so lves .  I n  t h e  

absence of n i t r o g e n  oxide fumes, t he  s i l v e r  n i t r a t e  decomposes t o  Ag 0, and 

temperatures  above 413°C could be  used. Research is  now i n  progress  t o  de- 

f i n e  the  e f f i c i e n c y  f o r  removing i o d i n e  from o rgan ic  compounds. 

Iod ine  removal varies from 99 

Temperatures of 375 t o  400°F are r equ i r ed  

2 

5 

So l id  Adsorbents. - S o l i d  adsorbents  are u s e f u l  as f i n a l  po l i sh ing  

agents  i n  i n s t a n c e s  where h igh  removal is  r equ i r ed  b u t  t h e  m a s s  t o  be  

sorbed i s  low. 

Charcoal and Impregnated Charcoal Beds. - Charcoal and impregnated 
15,29-32 charcoa l  beds have been s t u d i e d  ex tens ive ly  by Adams, Ackley e t  a l .  

Decontamination f a c t o r s  up t o  lo5  can be  expected f o r  e lementa l  i o d i n e  on 

p l a i n  o r  impregnated charcoa l .  Water vapor ,  o rgan ic  compounds (not  i o d i d e s ) ,  

and carbon d ioxide  do no t  reduce t h e  adso rp t ion  capac i ty  of e lementa l  

i od ine  s e r i o u s l y .  I f  a l k y l  i od ides  are formed by t h e  r e a c t i o n  of o rgan ic  

vapors and iod ine ,  t h e i r  s o r p t i o n  w i l l  be poor on p l a i n  charcoa l  under humid 

condi t ions .  Oxidizing gases  are hazardous. Temperatures m u s t  be l e s s  than 

about 150°C t o  prevent  deso rp t ion  of i od ine  from iodized  charcoal .  M a x i m u m  

adsorp t ion  of i o d i n e / w i l l  be obta ined  a t  low (room) temperatures  i n  a n i t r o -  

gen stream wi th  low r e l a t i v e  humidity a f t e r  removal of t he  o t h e r  c o n s t i t -  

uents .  These l abora to ry  tests have shown t h a t  t h e  e lementa l  i od ine  conten t  

of a i r  can be  reduced, by use of cha rcoa l ,  from 0 . 1  mg/m3 t o  0.00001 

mg/m3.33 

impregnated w i t h  K I - I  o r  t r ie thylenediamine .  

organic  vapors ,  and mois ture  adverse ly  a f f e c t  t h e  e f f i c i e n c y  of t h e  impreg- 

na ted  charcoal .  Charcoal impregnated wi th  K I - I  and conta in ing  a h igh  

loading of i o d i n e  starts t o  l o s e  i o d i n e  a t  about 150°C.31 

wi th  a lower i o d i n e  loading tends  t o , l o s e  i o d i n e  a t  about 25OOC o r  h i g h e r ,  

depending on t h e  type  of cha rcoa l ,  i o d i n e  loading ,  etc.  Charcoal impreg- 

na ted  wi th  t r ie thylenediamine  a l s o  l o s e s  i o d i n e  a t  e l eva ted  temperatures ,  

and temperature  surges  have been observed a t  approximately 190°C. 319 34 Most 

4 

However, a c i d  vapors,  

Methyl i o d i d e  can be  removed by f a c t o r s  of lo3 t o  10 by charcoa ls  
31,34 

2 

2 
P l a i n  charcoa l  
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of t h e  work wi th  impregnated charcoa ls  ( e f f e c t s  of  g a s - v e l o c i t y ,  tempera- 
3 t u r e ,  e t c . )  has  been confined t o  gas  concen t r a t ions  of about  1 7  mg CH I / m  ; 3 

i n  a few experiments,  t h e  concen t r a t ion  w a s  about 2 mg/m . 
charcoa ls  have been s t u d i e d  ex tens ive ly  t o  determine iod ine  adso rp t ion  

as a f u n c t i o n  of  loading ,  gas  concen t r a t ion ,  temperature ,  v e l o c i t y ,  and 

e f f e c t  of competing gases .  

KI-I ) f o r  adsorbing e lementa l  i o d i n e  i s  n o t  s e r i o u s l y  a f f e c t e d  by t h e  

l a r g e  loading  of i od ine  p r e s e n t  i n i t i a l l y .  

up t o  60 mg of I 

99.9 A .  

3 P l a i n  

The capac i ty  of i od ized  charcoa l  (2  t o  5%. 

2 
Adams and Ackley have adsorbed 

p e r  gram of adsorbent ,  w i th  observed removal of 2 +, 32 

Z e o l i t e s  Impregnated wi th  S i l v e r .  - Z e o l i t e s  impregnated wi th  s i l v e r  

have been s t u d i e d  by Maeck e t  a l .  35 

prepared by t r e a t i n g  t h e  z e o l i t e  w i t h  s i lver  s o l u t i o n ,  washing t o  remove 

excess  s i l v e r  n i t r a t e ,  and dry ing .  Linde molecular  s i e v e  13X impregnated 
4 wi th  s i l v e r  removes i o d i n e  and methyl i o d i d e  by DF's g r e a t e r  than 1 x 10 . 

This  new material i s  very promising because i t  (1)  does n o t  burn,  (2)  

adsorbs i o d i n e  a t  temperatures  up t o  500°C, (3)  r e t a i n s  i o d i n e  up t o  1000°C, 

and (4) adsorbs iod ine  r ap id ly .  

The s i l v e r  form of  t h e  z e o l i t e  i s  

Alumina-Bismuth Metal Mixtures  o r  Iodized  Hydrous Zirconium Oxides. - 
Alumina-bismuth metal mixtures  o r  i od ized  hydrous zirconium oxides  showed 

h igh  e f f i c i e n c i e s  ( > l o  ) f o r  removing e lementa l  i o d i n e  b u t  n o t  methyl 

iod ide .  35 

s i lver .  

4 

These materials may b e  cheaper  than  z e o l i t e s  impregnated wi th  

Ion Exchange Resins .  - Dowex 50 showed a 98% removal of i o d i n e  bu t  

poor removal of methyl i od ide .  35 Amberlite-IRA-400-OH I showed a high  
3 e f f i c i e n c y  f o r  removal of i o d i n e  (DF of 10 ) b u t  w a s  n o t  t e s t e d  wi th  

methyl i od ide .  36 

C a t a l y t i c  Oxidat ion and Adsorption. - C a t a l y t i c  ox ida t ion  followed 

by adso rp t ion  on charcoa l  has  been s t u d i e d  by Parker ,37 and 
39 Cathers .  A Hopcal i te  bed (CuO-MnO c a t a l y s t )  w i l l  ox id i ze  o rgan ic  

C 0 2 ,  and I compounds and conver t  o rgan ic  iod ides  t o  H 0,  

S i m i l a r  c a t a l y s t s ,  such as A 1  0 o r  CuO, can probably a l s o  b e  used. 

The e lementa l  i o d i n e  can b e  removed i n  cha rcoa l ,  s i l*ver /  z e o l i t e ,  o r  

2 
a t  150 t o  500OC. 2 2 

2 3  

i 
i 
i 
I 



3 5 o t h e r  beds l i s t e d  above by very  h igh  f a c t o r s  ( i . e . ,  10 t o  10 ). The 

c o s t  of t h i s  o x i d a t i o n  s t e p  should n o t  be  excess ive .  I n  t h e  p re sen t  

p l a n t s ,  i t  is  necessary  t o  h e a t  t h e  off-gases  t o  380°F (183OC) b e f o r e  

they e n t e r  t h e  s i l v e r  r e a c t o r  t rea tment  system, and subsequent ly  cool 

them. 

P a r t i c u l a t e  Removal. - The removal of p a r t i c u l a t e s  from process  

p l a n t  off-gas  i s  an important  and necessary  s t e p  i n  c o n t r o l l i n g  i o d i n e  

release t o  t h e  atmosphere. The development, i n  r ecen t  yea r s ,  of high- 

e f f i c i e n c y  p a r t i c u l a t e  a i r  (HEPA) f i l t e r s  ensures  t h e  removal of  up t o  

99.97% of 0.3-p p a r t i c l e s  under optimum  condition^.^' 
of r e t e n t i o n  w i l l  b e  adequate  t o  meet atmospheric emission codes i n  

f u t u r e  years w i l l  depend on t h e  amount of i o d i n e  a c t i v i t y  a s soc ia t ed  w i t h  

p a r t i c l e s  i n  t h e  0.01- t o  0.1-11 range.  The importance of t h i s  range of 
41  p a r t i c l e  s i z e  i s  now being s tud ied .  

Whether t h i s  degree 

4.10.3 Noble Gases 

Severa l  p rocesses  have been,or are be ing ,  developed t o  i s o l a t e  t h e  

This  technology has  advanced t o  noble  gases  from off-gas streams. 42y43  

t h e  po in t  t h a t  methods are now a v a i l a b l e  t o  i s o l a t e .  t h e  noble  gases ,  

inc luding  t h e  133Xe from 30-day-cooled LMFBR f u e l ,  provided they are 

discharged from t h e  process  i n  a s m a l l  off-gas  stream. S e l e c t i o n  of t h e  

p a r t i c u l a r  des ign  t o  opt imize t h e  process  must await information concern- 

ing t h e  volume and composition of t h e  off-gas .  

The processes  s t u d i e d  inc lude :  (1) adsorp t ion  on charcoa l  o r  molecu- 

lar  s i e v e s  a t  ambient temperatures ,  ( 2 )  adso rp t ion  on charco'al  o r  molecular  

s i e v e s  a t  low tempera tures ,  (3 )  s e p a r a t i o n  by cryogenic  d i s t i l l a t i o n ,  (4) 

adsorp t ion  i n  hydrocarbons o r  chlorofluoromethanes,  (5) s e p a r a t i o n  by perm- 

s e l e c t i v e  membranes, and (6) p r e c i p i t a t i o n  wi th  c l a t h r a t e s  o r  as f l u o r i d e s .  

These have been developed t o  va r ious  degrees  (Table 4.14). Another alter- 

n a t i v e  which has  been considered i s  t h e  i n j e c t i o n  of t h e  gases  i n t o  porous 

underground media. 44 

The adso rp t ion  of noble  gases  on charcoa l  o r  molecular  s i e v e s  a t  
45 ambient temperature  is  t h e  process  which has  had t h e  most ex tens ive  use.  



Table 4.14. Processes  f o r  Removal of “ K r  from Off-Gas a t  a Fuel  Process ing  Plan ta  

Process  % Krb  
Removal 

Development 
S t a t u s  Comments 

Adsorpt ion on room-temperature 
c h a r c o a l  beds  o r  m o l e c a a r  
s i e v e s  

Adsorpt ion on low-temperature  
c h a r c o a l  or s i l i c a  g e l  b e d s  

Cryogenic d i s t i l l a t i o n  

Absorpt ion i n  b d r o c a r b o n s  
or  chlorof luoromethanes 

S e p a r a t i o n  by permselec t ive  
membranes 

P r e c i p i t a t i o n  w i t h  c l a t h r a t e s  
or  as f l u o r i d e s  

99 P i l o t  p l a n t  w i t h  r e a c t o r s  

99 P i l o t  p l a n t  w i t h  process ing  
p l a n t  

P i l o t  p l a n t  t e s t  w i t h  process ing  
p l a n t  

99 

99 Nonradioact ive p i l o t  p l a n t  t e s t s  

99 Labor a t  o r y  s t u d i e  s ; l a r g e  - s c a l e  
s i n g l e  u n i t  c o n s t r u c t e d  

Unknown Laboratory s t u d i e s  

Simple opera t ion ;  c h a r c o a l  can  
i g n i t e .  

Small bed volumes; c h a r c o a l  
can ignite. 

Small equipment; ozone explo-  
s i o n  hazard. 

Small equipment; no f i r e  hazard. 

Small equipment; no f i r e  hazard. 

“ K r  c o l l e c t e d  a s  s o l i d ;  de- 
graded by r a d i a t i o n ;  slow 
p r e c i p i t a t i o n  a t  150 atm. 

aVarying gas  p r e t r e a t m e n t s  r e q u i r e d .  

bMinimum des ign  v a l u e s .  



This is  a s imple method f o r  de lay ing  t h e  release of t h e  noble  gases  t o  t h e  

atmosphere t o  a l low t h e  sho r t - l i ved  xenon t o  decay. It  has  disadvantages 

i n  t h a t  (1) l a r g e  beds of cha rcoa l  are r equ i r ed ,  (2) t h e  charcoa l  i s  sub- 

ject  t o  f i r e ,  and molecular  s i e v e s  are s u b j e c t  t o  explos ion  due t o  l o c a l  

hea t ing  by r a d i o a c t i v e  p a r t i c l e s ,  and (3) t h e  85Kr i s  r e l eased  t o  t h e  

atmosphere i n s t e a d  of being concent ra ted  f o r  permanent s to rage .  The f i r e  

and explosion hazards  may b e  e l imina ted  o r  minimized by s u i t a b l e  des ign  o r  

ope ra t iona l  procedures .  
46 The adso rp t ion  on charcoa l  o r  molecular  s i e v e s  a t  l o w  temperatures  

has  t h e  advantage of decreas ing  t h e  s i z e  of t h e  adso rp t ion  bed, bu t  t h e  

f i r e  hazard remains.  Fu r the r  disadvantages are t h e  c o s t  of cool ing  and 

explosion hazards  due t o  t h e  h ighe r  concen t r a t ion  of ozone produced by 

t h e  r a d i a t i o n  of oxygen. Materials which would f r e e z e  o r  condense must 

be  completely removed p r i o r  t o  i n j e c t i o n  i n t o  t h e  bed t o  prevent  t h e  

equipment from plugging. Ni t rous  oxide gas  has  been p a r t i c u l a r l y  t rouble-  

some i n  t h i s  system and must be destroyed by con tac t  wi th  hydrogen and a 

palladium c a t a l y s t .  

I n  t h e  cryogenic  s e p a r a t i o n ,  t h e  noble  gases  and p a r t  of t h e  a i r  

are l i q u e f i e d .  

f r a c t i o n a l  d i s t i l l a t i o n .  46 '47 

gas  flow ra te  equa l  t o  t h e  off-gas from a 3-tonIday f u e l  processing p l a n t  

bu t  a t  about one - f i f th  t h e  a c t i v i t y  l e v e l .  A s  with  a l l  of t h e  low- 

temperature ope ra t ions ,  t h e  condensable gases  must b e  removed t o  a very  

l o w  l e v e l  p r i o r  t o  t he  noble  gas  t rea tment .  Besides  t h e  phys ica l  d i f f i -  

c u l t i e s  wi th  s o l i d s  i n  t h e  s y s t e m ,  t h e r e  are explos ion  hazards  from l i q u i d  

ozone, e tc . ,  i f  t h e  head-end removal process  i s  n o t  e f f e c t i v e .  

The noble  gases  are then sepa ra t ed  and concentrated by 

This  process  has  been demonstrated a t  a 

The s tudy of t h e  s e p a r a t i o n  of noble  gases  from a i r  by the  adsorp t ion  

i n  chlorofluoromethanes (Freon) o r  hydrocarbons has  been developed t o  t h e  

nonradioac t ive  p i l o t  p l a n t  s tage .48  

Since t h e  ope ra t ing  temperature  i s  h ighe r  than t h e  low-temperature char- 

c o a l  bed adso rp t ion  o r  cryogenic  d i s t i l l a t i o n  method (- -20'F v s  -290°F), 

t h e  l e v e l  t o  which t h e  condensable gases  must be removed i s  less s t r i n g e n t .  

Operation a t  o r  nea r  ambient temperatures  seems t o  be  a p o s s i b i l i t y  and i s  

being i n v e s t i g a t e d .  Degradation of t h e  s o l v e n t  by i r r a d i a t i o n  i s  no t  

expected t o  be  l i m i t i n g  b u t  has  n o t  been i n v e s t i g a t e d .  

This  is a very  v e r s a t i l e  system. 
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The removal of noble  gases  by use  of permselec t ive  membranes has  been 
49 i n v e s t i g a t e d  on a l abora to ry  scale. 

t i o n  f a c t o r s  are s u f f i c i e n t l y  l a r g e  t o  make t h e  commercial a p p l i c a t i o n  

a t t r a c t i v e ,  b u t  engineer ing  development i s  r equ i r ed .  S ince  t h i s  equipment 

i s  small and ope ra t e s  a t  ambient temperatures ,  i t  avoids  t h e  d i f f i c u l t i e s  

wi th  condensable gases  and t h e  explos ion  hazards  of t h e  low-temperature 

processes .  This process  is  a l s o  v e r s a t i l e  and i s  a t t r a c t i v e  because i t  

is e a s i l y  s t a r t e d  and stopped. 

bu t  i t s  l i f e  under opera t ing  cond i t ions  has  n o t  been determined. 

The gas  p e r m e a b i l i t i e s  and separa- 

The membrane has  high r a d i a t i o n  s t a b i l i t y ,  

P r e c i p i t a t i o n  of t h e  noble  gases  wi th  c l a t h r a t e s  o r  as f l u o r i d e  

compounds has  been proposed. 

s impl i fy  permanent s to rage .  

ive as a primary s e p a r a t i o n  method due t o  t h e  very low concen t r a t ion  of 

noble  gas  i n  t h e  off-gas streams, b u t  may b e  a t t ract ive f o r  s o l i d i f y i n g  

concent ra ted  gases  f o r  s to rage .  Other methods f o r  f i x i n g  t h e  gases  i n  

s o l i d s  f o r  permanent s t o r a g e  are d iscussed  i n  Sec t .  4.9 .  

This  process  would y i e l d  s o l i d s ,  which would 

I t  does n o t  appear t o  be economically at tract-  

I t  can be  seen  t h a t  t h e r e  are s e v e r a l  p rocesses  which may be  used t o  

remove noble  gases  from t h e  off-gas  of power r e a c t o r  f u e l  process ing  

p l a n t s .  The most economical process  w i l l  depend upon t h e  volume of t h e  

off-gas and t h e  degree of removal of noble  gas  which w i l l  b e  r equ i r ed  a t  

a p a r t i c u l a r  process ing  p l a n t .  T h e  recovered noble  gases  must b e  s t o r e d  

i n  convent ional  p re s su r i zed  gas  cy l inde r s  u n t i l  advanced d i s p o s a l  methods 

are a v a i l a b l e  ( see  Sect. 4 . 9 ) .  

4.10.4 T r i t i u m  

As w a s  s t a t e d  i n  t h e  in t roduc t ion ,  tritium could be  disposed of 

by v o l a t i l i z i n g  i t  up t h e  s t a c k .  However, i f  tritium i s  contained i n  

a small off-gas  stream, such as t h e  vo lox id ize r  off-gas ,  i t  would b e  

p o s s i b l e  t o  f i x  i t  on a drying agent ,  such as a molecular  s i e v e .  This  

i s  n o t  a c r u c i a l  problem and should r e c e i v e  a t t e n t i o n  only  a f t e r  t h e  o f f -  

gas  system has  been e s t a b l i s h e d  by t h e  ove r r id ing  i o d i n e  problem. 
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4.11 Radia t ion  and Shie ld ing  S tud ie s  - Task 11 

The s u c c e s s f u l  development of economical methods f o r  processing 

i r r a d i a t e d  LMFBR f u e l s  r e q u i r e s  d e t a i l e d  informat ion  wi th  r e s p e c t  t o  

t h e  concent ra t ions  of r ad ionuc l ides ,  sources  and energy d i s t r i b u t i o n  

of r a d i a t i o n ,  thermal  power, and s h i e l d i n g  requirements .  Concentrat ions 

of elements and r ad ionuc l ides  n o t  normally considered i n  r e a c t o r  des ign  

and eva lua t ion  s t u d i e s  (Table 4.15) must be  known t o  proper ly  e v a l u a t e  

sepa ra t ions  techniques ,  waste d i s p o s a l  schemes, and p l a n t  containment 

and s i t i n g  f e a t u r e s .  The thermal power and t h e  d i s t r i b u t i o n  of r a d i a n t  

energy a r e  needed as a func t ion  of p o s t i r r a d i a t i o n  decay time f o r  

de te rmina t ion  of cool ing requirements  and s o l v e n t  degrada t ion  s t u d i e s .  

Shie ld ing  requirements  d i c t a t e  f e a s i b l e  engineer ing  concepts throughout . 

a l l  of t h e  f u e l  r ecyc le .  

The fol lowing s e c t i o n s  w i l l  summarize c u r r e n t  methods f o r  e s t ima t ion  

of t h e  r a d i a t i o n  p r o p e r t i e s  of i r r a d i a t e d  LMFBR f u e l s  and p resen t  appl i -  

c a t i o n s  of t h e s e  d a t a  t o  aqueous process ing .  

4.11.1 Nuclear Data 

P r i n c i p a l  r e fe rences  and a t a b u l a t i o n  of t h e  nuc lea r  d a t a  t h a t  are 

c u r r e n t l y  used i n  t h e  ORIGEN program f o r  c a l c u l a t i n g  p r o p e r t i e s  of irra- 

d i a t e d  LMFBR f u e l s  are presented  i n  Appendix D of t h i s  r e p o r t .  This  

tabulation includes cross sect ion data averaged over the LNFBR core spec- 

trum shown i n  Fig.  4.15. The assumed spectrum is a smoothed ve r s ion  of 

t h a t  computed by Kus ters  and Metzenroth' f o r  a t y p i c a l  LMFBR core  compo- 

s i t i o n .  I t  agrees  w e l l  wi th  core-averaged spectra computed by General  
.2 E l e c t r i c  f o r  a l t e r n a t i v e  1000-Mw(electrica1) LMFBR follow-on des igns .  

The spectrum i s  g e n e r a l l y  somewhat s o f t e r  i n  LMFBR axial b l anke t s ,  bu t  

t h e  assumed spectrum has been found t o  be adequate f o r  e s t ima t ing  pur- 

poses s i n c e  t h e  der ived  c r o s s  s e c t i o n s  provide a reasonable  estimate of 

plutonium product ion i n  LMFBR blankets .  

s o f t e r  i n  LMFBR's t h a t  use bery l l ium as a moderator t o  achieve a nega t ive  

sodium void c o e f f i c i e n t ,  b u t  a hard spectrum wi th  appropr i a t e  engineered 

s a f e t y  f e a t u r e s  is  c a r r e n t l y  favored because of economic cons idera t ions .  

Core s p e c t r a  could be  apprec iab ly  
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Table b. 1s. Some Important Radionucl ides  Present  i n  
Spent LMFBR Fuel  

Nuclides Reasons f o r  Importance i n  
Aqueous Fuel  Processing 

8 g ~ r ,  "Y, 9 5 ~ r ,  " ~ b ,  

lo3Ru, 106Ru, 140Ba, 

1 4  0~~ , 141ce ,  1 4 4 ~ e ,  
1 4 4 ~  

  OS^, 137 CS, 2 4 1 ~ ,  

2 4 4 ~ m  

236pu, 238pu, 240pu 

2 4 1 h ,  2 3 7 ~ ~  232u 

V o l a t i l e  m a t e r i a l s  t h a t  may p o t e n t i a l l y  be 

r e l e a s e d  t o  t h e  environment. 

Semivola t i le  m a t e r i a l s  that may p o t e n t i a l l y  

be r e l e a s e d  t o  t h e  environment. 

Sources of h e a t ,  p e n e t r a t i n g  r a d i a t i o n ,  

and r a d i a t i o n  damage 

Hazardous m a t e r i a l s  i n  aged waste ,  

Sources of p e n e t r a t i n g  r a d i a t i o n  i n  

r ecyc led  plutonium. 

Sources of neut ron  r a d i a t i o n  i n .  spen t  f u e l  

shipment, 
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Fig. 4.15. Comparison of the Assumed LMFBR Core Flux Spectrum with 
the Fission Spectrum and the Spectrum Computed for the General Electric 
Follow-On Advanced Design. 
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The prediction of heat generation properties of individual fission 
products has often been unsatisfactory because of uncertainties in average 

energy of negatron and positron reactions. 
current compilation were calculated with the computer program SPECTRA, 

based on data and/or estimates of the maximum negatron or positron energy 

and the degree of forbiddeness of the transition. 

the calculated average-to-maximum energy for allowed and first-forbidden 

transitions as a function of maximum energy and atomic number are shown 

in Fig. 4.16. 

Average beta energies for the 
3 

Typical data presenting 

4.11.2 Reactor Irradiation Studies 

The computer programs that have been developed at ORNL for calcula- 
tion of the transient masses, concentrations, radioactivity, and thermal 

power of radionuclides resulting from irradiation are PHOEBE and ORIGEN. 

The PHOEBE program computes gross fission product thermal properties 

and a 12-group photon source as a function of postirradiation decay time 

for a specified specific power history. PHOEBE employs correlations of 
gross data that are available for 235U thermal fission products and calcu- 

lated data for fast and thermal fission in 239Pu. 
source calculated by PHOEBE is generally satisfactory for estimating 

shielding requirements for spent LMFBR fuels. The PHOEBE results can be 
made progressively more accurate for LMFBR fuels with the addition of 

correlated data generated by such programs as ORIGEN. 

4 

The 12-group gamma 

5 The ORIGEN program, which was used to produce the results shown in 
Sect. 3.2, is a versatile program for solving extremely large systems of 

ordinary linear differential equations by a series technique. Nonlinear 
effects are treated either by a Taylor series expansion or a programmed 

step function. 

transient concentrations, activities, and thermal power of the approximately 

700 important nuclides (actinides, fission products, and light-element 
activation products) in irradiated LMFBR fuel. The allowable types of 

nuclear transmutation include negatron, positron, and alpha decay; isomeric 

transition; and a variety of neutron reactions (n-capture; n-fission; n,2n; 
.n,3~; - n,a; and =,E). 

It is presently the preferred program for calculating 

- - - 
The program presently requires one-group cross 
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s e c t i o n s  averaged over  t h e  r e a c t o r  spectrum of  i n t e r e s t .  Input  d a t a  con- 

s ist  of i n i t i a l  concen t r a t ions  and e i t h e r  neut ron  f l u x  o r  thermal  power 

i n  10 o r  more t i m e  s t e p s .  

4.11.3 Radia t ion  Dose Rates and Sh ie ld  At tenuat ion  Kerma 

The r a d i a t i o n  and s h i e l d i n g  d a t a  of  primary concern i n  aqueous proc- 

e s s i n g  of LMFBR f u e l s  f a l l  i n t o  two d i s t i n c t  ca t egor i e s :  

with t h e  f i s s i o n  products  of  spen t  f u e l  and those  a s s o c i a t e d  wi th  the  

handl ing of t h e  plutonium product .  Shie ld ing  c a l c u l a t i o n s  f o r  t h e  f i s s i o n  

product  gamma sources  are r e l a t i v e l y  s t r a igh t fo rward  a f t e r  t h e  gamma energy 

spectrum has  been c a l c u l a t e d  by a s u i t a b l e  program such as PHOEBE. 

Accurate assessment of t h e  dose rates and s h i e l d i n g  requirements  f o r  t h e  

neut ron  sources  i n  plutonium product  r e q u i r e s  t h e  use of techniques t h a t  

have been developed only i n  t h e  l a s t  s e v e r a l  yea r s .  

those  a s soc ia t ed  

6 

Radia t ion  Source Data. - Typica l  photon release ra te  and spectrum 

d a t a  f o r  LMFBR f u e l  as a func t ion  of p o s t i r r a d i a t i o n  time are presented  

i n  F ig .  4.17. These d a t a  w e r e  c a l c u l a t e d  wi th  t h e  PHOEBE program, assuming 

i r r a d i a t i o n  t o  a burnup of 100,000 Mwd/metric t on  a t  an average s p e c i f i c  

power of 125 M w / m e t r i c  ton.  A t  s h o r t  decay times, s h i e l d i n g  requirements  

are determined p r imar i ly  by t h e  1.55-Mev gamma group t h a t  o r i g i n a t e s  pre- 

dominantly from t h e  decay of 14'Ba-14'La. 

requirements  are determined p r imar i ly  by t h e  2.38-Mev group, t o  which a 

primary c o n t r i b u t o r  is  144Ce-144Pr. 

A t  longer  decay t imes,  s h i e l d i n g  

The es t imated  primary neut ron  source  s t r e n g t h  of LMFBR f u e l  is  com- 

pared wi th  t h a t  of LWR f u e l  i n  Table 4.16. The i s o t o p i c  con ten t  of those  

nuc l ides  which c o n s t i t u t e  important  neut ron  sources  were c a l c u l a t e d  wi th  

t h e  ORIGEN code. Most of t h e  neut rons  o r i g i n a t e  from spontaneous f i s s i o n  
244& of t h e  i so topes  242Cm and . The t o t a l  neut ron  source  s t r e n g t h  of an 

a r r a y  of f u e l  elements w i l l  b e  h ighe r  than  t h e  source  s t r e n g t h s  presented  

i n  Table  4.16 by perhaps a f a c t o r  of 3 t o  20 because of t h e  e f f e c t  of sub- 

c r i t i c a l  neutron m u l t i p l i c a t i o n .  Assuming a r r a y s  of equa l  neut ron  m u l t i -  

p l i c a t i o n  f a c t o r ,  t h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  neut ron  source  of spent  

LMFBR core  f u e l  w i l l  be  g r e a t e r  than t h e  neut ron  source  of enr iched  uranium 

LWR f u e l  b u t  less than  t h a t  of  plutonium r e c y c l e  LWR f u e l .  
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Fig.  4.17. E f f e c t  of P o s t i r r a d i a t i o n  Decay Time on t h e  Photon 
Release Rate of F i s s i o n  Products  Resu l t ing  from t h e  I r r a d i a t i o n  of 1 
Metr ic  Ton of LMFBR Fuel  t o  100,000 Mwd/metric t o n  a t  an Average 
Spec i f i c  Power of 725 Mw/metric ton.  



Table 4.16. Estimated Neutron Source Strengths  of Spent Pmer  Reactor Fuels  

(Does not include neutrons f rom s u b c r i t i c a l  mul t ip l ica t ion)  

m a  LWR-Pu Recyclea LMFBRb 
Neutron Source Isotope Neutron Source Isotope Neutron Source Isotope 

(&on) (sec-1 ton-' x 10-6) (&on) (sec-1 ton-1 x 10-6) (&on) (sec-1 ton-1 x 10-6) 

236 pu 160 5.0 0.4 lL5 1.4 0.1 1,800 55.6 4.8 

239pu 5400 0.4 0.0 1500 0.1 0.0 1 20,000 8.6 0.0 

240pu 2200 0.6 2.0 1000 0.3 0.9 52,000 1 4. 49. 

Isotope ContentC (a,:) SFd Content' (a ,  p)  SFd ContentC (a,n) SFd 

2 4 1 h  

24aCm 

62 0.4 0.0 60 0.4 0.0 1 ,400 8.2 0.0 
A 

F 4.4 52.9 87.7 35 418. 693. 48 574. 952. 

2 4 4 ~ m  30 7.3 326. 51 0 124. 5560. 42 10.2 459. 

Total  66. 416 544. 6250 670. 1 460. 

Overal l  t o t a l  480 6800 21 30 

%e l  ha?. been i r r a d i a t e d  t o  a burnup of 33,000 Mwd/metric ton  and allowed t o  cool  f o r  150 days. 

bFuel had been i r r a d i a t e d  t o  a burnup of 100,000 Mwdhetric ton  and allowed t o  cool  f o r  60 days, 

CttTontl i n  this t a b l e  r e f e r s  t o  a metric ton  of f u e l  a s  charged t o  t h e  reac tor .  

d~~ = spontaneous f i s s i o n .  



Based on experimental  d a t a  from LWR'S and es t imated  c ros s  s e c t i o n s  

i n  LMFBR's, t h e  neut rons  produced by spontaneous f i s s i o n  and (a,;) 

r e a c t i o n s  c o n s t i t u t e  t h e  important  source  of pene t r a t ing  r a d i a t i o n  i n  

plutonium product  (and r ecyc le  plutonium feed ) ;  by comparison, t h e  

primary gamma rays  of h igh  y i e l d  have r e l a t i v e l y  low energy and are 

e a s i l y  sh i e lded .  The t r a n s i e n t  r a d i o a c t i v i t y  of t h e  decay products  of 

plutonium having t h e  i s o t o p i c  composition of LWR product are shown i n  

Table  4.17.  These plutonium composition d a t a  were ca l cu la t ed  wi th  t h e  

ORIGEN program, assuming a f u e l  burnup of 33,000 Mwd/metric ton  a t  a 

s p e c i f i c  power of 30 M w / m e t r i c  t on  i n  t h e  Diablo Canyon r e a c t o r ;  however, 

they are t y p i c a l  of experimental  da t a .7  

r a d i a t i o n  from l i g h t l y  s h i e l d e d  plutonium of t h i s  composition is t h e  0.06- 

Mev gamma ray t h a t  occurs  i n  n e a r l y  100% of t h e  d i s i n t e g r a t i o n s  of  

This  gamma r a d i a t i o n  is  e f f e c t i v e l y  sh i e lded  by 1 /8  t o  1 / 4  i n .  of l ead .  

The hard gamma r a d i a t i o n  (predominantly t h e  2.62-  and 0.58-Mev gamma 

r a d i a t i o n  t h a t  occurs  i n  100% of t h e  d i s i n t e g r a t i o n s  of  208T1) r e s u l t i n g  

from 236Pu daughters  begins  t o  g ive  dose rates comparable t o  those  from 

t h e  neut ron  sources  a f t e r  plutonium p o s t - p u r i f i c a t i o n  times of  g r e a t e r  

than one year .  

a r e l a t i v e l y  s imple  i o n  exchange t rea tment  f o r  removing most of t h e  236Pu 

daughter  a c t i v i t y  may b e  employed, if necessary ,  be fo re  t h e  f u e l  i s  shipped 

or f a b r i c a t e d .  

The predominant source of 

241& 

Since  plutonium i s  g e n e r a l l y  s t o r e d  as a n i t r a t e  s o l u t i o n ,  

Estimates of t h e  i s o t o p i c  composition and neut ron  source  s t r e n g t h  of 

f u e l  core  charges  f o r  LMFBR's and LWR's are shown i n  Table  4.18. These 

d a t a  r e f l e c t  c u r r e n t  estimates t h a t  t h e  plutonium recyc led  from LMFBR's 

w i l l  conta in  less 236Pu and 238Pu than plutonium recyc led  from LWR's. 

The neutron source  s t r e n g t h  pe r  u n i t  of  each plutonium i so tope  is  based 

on r e l a t i v e l y  abundant experimental  information.  8-10 

sources  of neut rons  are: 

and spontaneous f i s s i o n  of 240Pu. 

The two primary 

those  from (a ,n )  - r e a c t i o n s  of 239Pu and oxygen, 

Sh ie ld  At tenuat ion  Kerma. - The energy spectrum of neutrons from 

t h e  (a ,n)  - r e a c t i o n s  of  238Pu and oxygen ""* i s  compared wi th  t h e  thermal- 

neutron f i s s i o n  spectrum ( t h e  approximate spectrum of neutrons from 

spontaneous f i s s i o n )  of 235U i n  F ig .  4.18. Calcu la ted  neut ron  and secondary 



Table 4.17. I so topic  Act iv i ty  of Plutonium Product from a Light Water Reactor 
as a Function of Cooling T ime  

Radioac t iv i ty  expressed as c u r i e s  per metr ic  t on  of f u e l  charged t o  r eac to r .  
- 

Cooling Time (days)  

0 3 30 300 3,000 30,000 
Nuclide 

20'Tl 
Z l Z p b  

212gi 

ZlZpo 

Z l 6 P O  

22 ORn 

''4Ra 

"'Th 
2azu 

234u 

236 u 
2 3 7 ~  

236pu 

238 pu 

P 

239pu 

24 O p u  

241pu 

242 pu 
2 4 1 b  

To ta l  

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

5.32 x lo1 

2.03 105 

3.63 x io4 

5 . 2 2  io4 
1.36 x lo7 
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0.0 
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4.03 x 10-e 

4.03 x lo-' 
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1.04 x 
1.04 x 
1.04 x 
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4.20 x 10-3 
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2 . 2 5  10-7 

2.03 105 

3.63 x io4 

5 .22  104 
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1 . 2 4  x 

5.31 x lo1 

1.56 x 10" 

1.69 x 10' 

1.39 x 107 

1.39 x lo-* 

3.86 10-4 

3.~36 10-4 

2.47 10-4 
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4.39 x 
4.39 x 1 0 - ~  

6.16 10-4 
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1 . 2 4  10-4 
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5.21 x 10' 

2 .02  x 106 

3.63 x io4 

5 . 2 2  104 

1.35 x 107 

1.68 103 
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1.91 x lo-' 

5.30 x lo-' 
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3.39 x 
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5.30 x lo-" 

5.30 x 
5.30 x lo-' 

3.80 x 10-1 
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1 .24  x 10-3 
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1.33 x lo7 
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1 .LO 

1.40 
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1.40 

1.40 

1 .40 
1.40 

1.73 
4.52 

1 . 2 4  x lo-' 

1.94 x 10-1 
7.21 

1.90 104 

3.63 104 

5 .22  io4 

8.77 x I O 6  
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9.94 x 10-1 

9.94 x 10-1 

9.94 x 10-1 

9.94 x 10-1 

9,94 x 10-1 

9.94 x 10-1 

9.94 x 10-1 

3.45 x lo1 

7.55 
1 . 1 2  10-7 

3.62 x i o 4  
5.18 104 

1.70 105 

6.36 x 10-1 

1 .24  x 10-1 

1.07 x lo6 

1.56 x IO' 

3.46 x lo6 

7.11 x i o6  



Table h.18. Estimates of the Isotopic Content and Neutron Source Strength of PuO, Recycle Fuels 

Total  Isotope 
238 u 2 3 6 ~ ~  238 pu 239pu 240pu 241 pu 242pu 

~~~~~~ ~~ ~ - 

IMFBR Corea 

Isotope content,  g/kg ( U  + Pu; 

Neutron source, neutrons sec-' [kg (U + Pu)]-' 

761.6 
u t  % i n  Pu 

From SF 
From (a,:) 

IMFBR Coreb 

Isotope content,  g/kg (U + Pu) 781.3 
u t  % i n  PU 

Neutron source, neutrons sec-I [kg (U + PU)]-l 

From SF 

From ( a , ~ )  

b LWR Pu Recycle Core 

Isotope content, g/kg (U + h) 956.4 

Neutron source, neutrons sec-l [kg (U + Pu)]-l 

w t  $ i n  pu 

From SF 

From (a,:) 

163.h 
68.57 

50.8 
21.30 

8.5 
3.58 

1.h x 10-8 1.7 

0.6 x 0.72 

13.9 
5.83 

1 35 , 000 

66,000 

69,000 
h,500 
h2,OOO 

48,000 

12,000 

1 h, 000 

33 11,000 3,500 

23 x 2.6 
11 x 10-8 1 . 2  

129.5 
59.2 

51.8 
23.7 

26.0 

11.9 
8.76 
h. 0 --. 

\o 
164,000 4 

71,000 

93,000 

6,900 
65,000 

h9,OOO 
13,000 

15,000 

34 8,700 6, 6OOc 

h.6 x lo-' 0.52 

11 x 1 . 2  

25.8 
59.2 

10.3 

23.7 
5.2 
11.9 

1 .7  

h. 0 

33,000 
14,000 

19,000 
1 ,LOO 
13,000 

9,800 

2,500 

2,900 

6.6 1, 30OC 1,700 

%xed  plutonium from IMFBR core-blanket recycle. 

bplutonium from LWR recycle.  

'From 241Am, assuming one year of post-separation decay. 
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Fig. 4.18. Spectrum of Neutrons from Thermal F i s s i o n  of 235U 
from Spontaneous F i s s i o n  p l u s  (a, n )  Reac t ions  i n  238~0,. - 



gamma-ray a t t e n u a t i o n  kerma f o r  va r ious  materials of p o t e n t i a l  i n t e r e s t  

are a v a i l a b l e  i n  t h e  l i t e r a t u r e .  13-15 The a t t e n u a t i o n  kerma f o r  neut rons  

and capture  gamma rays  i n  conceptua l  LMFBR spen t  f u e l  sh ipping  casks have 
16 a l s o  been presented  i n  a r e c e n t  r e p o r t .  

4.11.4 Engineering Appl ica t ions  of  Shie ld ing  and Radia t ion  Data 

Sh ie ld  Requirements f o r  LMFBR Spent Fuel  Shipping Casks. - Calcula- 

t i o n s  were made us ing  t h e  SDC code17 t o  determine r e p r e s e n t a t i v e  s h i e l d i n g  

requirements f o r  a 36-element spen t  f u e l  sh ipping  cask f o r  LMFBR c o r e  p lus  

axial b l anke t  f u e l  (Table 4.19).  The c a l c u l a t i o n s  were made as a func t ion  

of p o s i t i o n  above t h e  midplane of t h e  active p o r t i o n  of  t h e  element. 

t h e  cask i s  used t o  s h i p  e n t i r e  assemblies ,  inc luding  t h e  nonfueled p o r t i o n s  

(which c o n s t i t u t e  approximately two-thirds of t h e  t o t a l  l e n g t h ) ,  less 

s h i e l d i n g  i s  requ i r ed  f o r  t h e  upper and lower p o r t i o n s  and t h e  cask i s  

tapered  t o  e l i m i n a t e  excess ive  s h i e l d  weight.  

Since 

The es t imated  dose rate from primary neut rons  a t  8 f t  from t h e  sur-  

f a c e  of LMFBR spen t  f u e l  sh ipping  casks is  compared wi th  t h a t  from LWR 

f u e l  sh ipping  casks i n  Table  4.20. These estimates i n d i c a t e  t h a t  supple- 

mentary hydrogeneous s h i e l d s  on t h e  o u t s i d e  of t h e  cask may be  r equ i r ed  

f o r  both types  of f u e l .  S u b c r i t i c a l  neut ron  m u l t i p l i c a t i o n  and cap tu re  

gamma r a d i a t i o n  w i l l  e f f e c t i v e l y  i n c r e a s e  t h e  requirements  f o r  neut ron  

a t t enua t ion .  l6’I8 

b e n e f i t  from t h e  n e c e s s a r i l y  forthcoming des igns  of high-burnup LWR f u e l  

shipping casks .  Resu l t s  w i l l  probably n o t  b e  d i r e c t l y  compatible , .  however, 

s i n c e  i t  i s  proposed t h a t  t h e  LMFBR cask b e  sh i e lded  wi th  i r o n  i n s t e a d  of  

lead .  

The des ign  of neut ron  s h i e l d s  f o r  LMFBR casks w i l l  

Sh ie ld  Requirements f o r  Spent Fuel  Processing Cells. - Figure  4.19 

p re sen t s  r e s u l t s  of SDC c a l c u l a t i o n s ,  which permit  e s t ima t ion  of t h e  

r equ i r ed  th i ckness  of normal conc re t e  c e l l  w a l l s  f o r  LMFBR f u e l  process ing  

p l a n t s .  

t h e  use of 1 / 2  t o  1 f t  of  a d d i t i o n a l  s h i e l d i n g  as compared w i t h  a similar 

mass of LWR f u e l  a t  t h e  same p o s t i r r a d i a t i o n  decay t i m e .  

The h ighe r  burnup and s p e c i f i c  power of LMFBR f u e l  n e c e s s i t a t e  
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Table b. 19. Cask Shield Thicknesses f o r  36 Atomics In te rna t iona l  Reference 
Oxide Core - Axial Blanket Elements 

Cask h a s  ins ide  diameter of 53 in. Gamma shield requirement is based 

on a d o s e  rate of 10 mrads/hr a t  8 ft from the surface of the cask.  

Thickness  of Iron Required Thickness  of Uranium Required 

( cm) (cm) Height Above Midplane 

Decay Time (days) Decay Time (days)  (cm) 

20 60 150 20 60  150 

0 

10 

20 

30 

40 

5 1  

6 1  

66 

71  

76 

8 1  

86 

91 

96 

101.5 

106.5 

111.5 

121.5 

131.5 

141.5 

151.5 

168.5 and above 

52.5 

52.3 

52.3 

52.3 

52.3 

52.2 

52.1 

52.0 

51.8 

51.5 

51.1 

50.7 

50.0 

49.2 

48.2 

47.0 

45.7 

42.3 

37.9 

32.8 

27.1 

24.9 

47.9 

47.9 

47.9 

47.9 

47.9 

47.9 

47.8 

47.6 

47.4 

47.2 

46.8 

46.3 

45.7 

44.8 

43.8 

42.6 

41.2 

37.7 

33.2 

28.0 

22.5 

21.6 

44.2 

44.2 

44.2 

44.2 

44.2 

44.2 

44.1 

43.9 

43.8 

43.5 

43.2 

42.7 

42.0 

41.2 

40.1 

38.9 

37.4 

33.8 

29.2 

24.0 

19.0 

19.0 

17.6 

17.6 

17.6 

17.6 

17.6 

17.6 

17.6 

17.6 

17.6 

17.6 

17.4 

17.2 

16.9 

16.4 

15.6 

14.8 

13.7 

11.4 

9.1 

8.5 

16.1 

16.1 

16.1 

16.1 

16.1 

16.1 

16.1 

16.1 

16.0 

16.0 

15.9 

15.6 

15.3 

14.8 

14.1 

13.2 

12.2 

10.0 

7.8 

7.2 

14.8 

14.8 

14.8 

14.8 

14.8 

14.8 

14.8 

14.8 

14.8 

14.7 

14.6 

14.4 

14.0 

13.5 

12.8 

11.9 

11.0 

8.8 

6.8 

6.2 
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Table 4.20. Estimated Neutron Dose Rates at a Distance of 8 ft from the 
Surfaces of LWR and LMFBR Shipping Casks 

The  combined neutron and gamma dose  rate should b e  l e s s  than 10 mrem/hr 
for  exclusive-use shipments. 

Types of Supplementary Neutron Dose 
Inside Active No. of 

Fuel  Diameter Length Elements Shield Shield Rate  a t  8 ft 
-~ 

(ft) (ft) Inside Outside (mrem/hr) 

LWR 12 4 PWR or 8 in. P b +  Air or A1 None 18 
2.5 in. Fe Water None 0.6 

Air or A1 2 in. watera 5.0 

4 

10 BWR 

LWR-Pu recycle 4 12 4 PWR or 8 in. P b +  Air or A1 None 250 
2.5 in. Fe Water None 8.0 

Air or A1 6 in. water + 5.0 
2 in. F e b  

10 BWR 

LMFBR core 1.8 4 36 20 in. Fe Sodium None 20 
Sodium 2 in. watera 5.0 

*An equivalent shield may be  made with 2 in. of Benelex 70 or 6 in. of normal concrete. 
bAn equivalent shield may be  made with 16 in. of normal concrete. 
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Fig. 4.19. Normal Concrete Sh ie ld  Requirement ( 0 , s  m r e d h r  
Ekterna l  Dose Ra te )  f o r  INFER Core Fuel  Assemblies as a Funct ion  of 
Decay Time. Each assembly has an a c t i v e  l e n g t h  of 4 f t ,  i s  l o c a t e d  
3 f t  from t h e  i n n e r  conc re t e  wall, and c o n t a i n s  50 kg of f u e l  
i r r a d i a t e d  t o  a burnup of 100,000 Mwd/metric t o n  a t  an average 
s p e c i f i c  power of 125 &/metr ic  ton.  



Shie ld  Requirements i n  Plutonium Product Handling. - A p l a n t  f o r  proc- 

e s s ing  spen t  LMFBR f u e l  w i l l  con ta in  equipment f o r  f i n a l  p u r i f i c a t i o n  of 

t h e  plutonium product  and f o r  shipment of  t h i s  product  t o  a f u e l  prepara- 

t i o n  p l a n t .  I n  p r e s e n t  p r a c t i c e ,  t h e  plutonium product  from spen t  f u e l  

processing p l a n t s  is  shipped as n i t r a t e  s o l u t i o n .  I t  is  l i k e l y  t h a t  f u t u r e  

p l a n t s  f o r  process ing  LMFBR f u e l s  w i l l  tend toward conversion of t h e  plu- 

tonium product  t o  an oxide s i n c e  d ry  oxide  can b e  shipped wi th  g r e a t e r  

s a f e t y  and a t  lower c o s t  than  a l i q u i d .  

tonium would b e  mixed wi th  UO 

e s s ing  p l a n t  would be  a UO -PuO 

f o r  f a b r i c a t i o n  of LWR o r  LMFBR f u e l  elements.  

I t  i s  a l s o  p o s s i b l e  t h a t  t h e  plu- 

and t h a t  t h e  f i n a l  product of t h e  f u e l  proc- 

powder s u i t a b l e  f o r  shipment t o  a p l a n t  
2 

2 2  

Shie ld ing  requirements  f o r  process  equipment l i n e s  f o r  f i n a l  p u r i f i -  

c a t i o n  of plutonium, conversion t o  oxide ,  o r  p repa ra t ion  of UO -PuO have 

been es t imated  by making use of d a t a  t h a t  had been obtained during t h e  

p repa ra t ion  of 233U02-Th02 f u e l s .  l9 Table 4.21 p r e s e n t s  estimates of t h e  

maximum c a p a c i t i e s  of l i n e s  f o r  prepar ing  two k inds  of UO -PuO f u e l s  as 

a func t ion  of s h i e l d i n g . t h i c k n e s s .  

i t  i s  es t imated  t h a t  LMFBR (-20% Pu) and LWR (-4% Pu) f u e l s  can be pre- 

2 2 

2 2  
I n  l i g h t l y  sh i e lded  glove-box l i n e s , .  

pared a t  maximum rates of  10 and 50 kg/day ( 3  s h i f t s / d a y ) ,  r e s p e c t i v e l y .  

The rates i n c r e a s e  by about  a f a c t o r  of  4 i f  t h e  ope ra t ion  i s  made s e m i -  

remote wi th  t h e  i n s t a l l a t i o n  of  1 - f t - th i ck  conc re t e  s h i e l d i n g  (al though 

i t  is  probably unreasonable  t o  f a b r i c a t e  LWR f u e l  a t  a ra te  of 200 kg/day 

by t h i s  technique) .  It  i s  envis ioned  t h a t  p l a n t s  f o r  processing t h e s e  

f u e l s  a t  rates g r e a t e r  than  about 100 kg/day would employ h igh ly  auto- 

mated and remotely opera ted  equipment and t h a t  t h e r e  would be  no apprec iab le  

pena l ty  i n  using conc re t e  s h i e l d s  on t h e  o rde r  of  2 f t  t h i ck .  

4.11.5 Required Developmental Work 

Previous s e c t i o n s  have summarized c u r r e n t  knowledge concerning t h e  

r a d i a t i o n  and s h i e l d i n g  p r o p e r t i e s  of LMFBR f u e l s  t h a t  a f f e c t  sh ipping  and 

processing of t h e  spen t  f u e l  and i s o l a t i o n  and handl ing of t h e  plutonium 

product.  S i g n i f i c a n t l y ,  a d d i t i o n a l  d a t a  wi th  inc reased  accuracy w i l l  b e  

r equ i r ed  as LMFBR process  development programs begin  t o  focus on t h e  most 



Table 4 . 2 1 .  Est imated M a x i m u m  Capac i t i e s  of Lines f o r  P repa ra t ion  of U0,--0, a s  a 
Funct ion  of Reactor Type and Sh ie ld  Thickness 

Operator dose r a t e  = 40 mrepdweek. 

LMFBR Core LWR-F'u Core 
LWR Recycle F'u LWR Recycle Pu 

Concrete Concrete 
Sh ie ld  Capacity S h i e l d  Capaci ty  
Thickness Type of Opera t ion  

kg (U0,-PuO,)/day Thickness 
' kg (UO,-PuO,)/day ( in .  ) ( i n .  ) - 

Ob 10 Ob 50 a 
Gloved e n c l o s u r e s  

Semiremote 1 2  40 1 2  (200)  
a 

Remote' 100 9 100 

23 1000 17 1000 

a 
Assumes p rocess  equipment i n s t a l l e d  1 f t  from inne r  wall of enc losure  and dose r e s u l t s  by analogy wi th  
233 U-Tho, exper ience .  

bAssumes l /8  in .  of l e a d  f o r  s h i e l d i n g  s o f t  g a m a  r a d i a t i o n .  

C Assumes that p rocess  v e s s e l s  (which conta in  no more than  20% of d a i l y  throughput )  a r e  i n s t a l l e d  2 f t  
from t h e  i n n e r  s u r f a c e  of t h e  s h i e l d  and t h a t  t h e  dose r a t e  a t  t h e  ope ra t ing  su r face  i s  1.0 m r e d h r .  

Iu 
0 c- 



a t . t r a c t i v e  concepts ,  and as t h e  concepts  proceed toward t h e  des ign  of 

p i l o t  and commercial f u e l  process ing  p l a n t s .  

Nuclear Data. - Experimental  and t h e o r e t i c a l  programs are r equ i r ed  t o  

develop d a t a  on c r o s s  s e c t i o n s ,  f i s s i o n  y i e l d s ,  thermal  power, and r a d i a t i o n  

s p e c t r a  of i so topes  (such as those  l i s t e d  i n  Table 4.15) t h a t  might o ther -  

w i s e  b e  overlooked i n  developing d a t a  f o r  t h e  des ign  of LMFBR's. 

t i nu ing  t h e o r e t i c a l  s t u d i e s  are r equ i r ed  t o  c o r r e l a t e  and f u l l y  u t i l i z e  

t h e  i n t e g r a l  and d i f f e r e n t i a l  neut ron  c ross -sec t ion  d a t a  t h a t  w i l l  be 

generated i n  planned experimental  and pro to type  i r r a d i a t i o n  programs. 

Improved methods should b e  developed f o r  averaging t h e s e  c ros s  s e c t i o n s  

over  LMFBR spectra and c a l c u l a t i n g  concen t r a t ions  of t h e  most important  

nuc l ides  i n  spen t  f u e l .  Improved thermal  power and gamma y i e l d  d a t a ,  

inc luding  t h e  e f f e c t  of bremsstrahlung r a d i a t i o n ,  should be  developed 

f o r  many f i s s i o n  products  t o  provide more r e a l i s t i c  e s t ima tes  of cool ing 

and s h i e l d i n g  requirements  and r a d i a t i o n  damage, Experimental  and theo- 

r e t i c a l  work i s  r equ i r ed  t o  develop f i s s i o n  product  y i e l d  d a t a  f o r  t h e  

plutonium i so topes  and 238U i n  t y p i c a l  LMFBR s p e c t r a .  

f i s s i o n - y i e l d  d a t a ,  predominantly f o r  238U and 239Pu, gene ra l ly  apply t o  

d i s c r e t e  f i s s i o n  by neut rons  wi th  energy above 1 MeV. 

Con- 

Present  f a s t -  

Reactor I r r a d i a t i o n  S tudies .  - Deta i l ed  nuc lea r  c a l c u l a t i o n s  should 

be  performed f o r  t h e  LMFBR des igns  of p r i n c i p a l  i n t e r e s t ,  and t h e  r e s u l t -  

i ng  spec ' t ra l  d a t a  should b e  used t o  re-estimate concent ra t ions  of a l l  of 

t h e  i m p  r t a n t  nuc l ides  i n  spen t  f u e l .  Codes f o r  c a l c u l a t i n g  concentra- 

t i o n s  of r a d i o a c t i v e  materials should b e  developed i n  conjunct ion wi th  

the/development of techniques f o r  t h e  nuc lea r  des ign  of  LMFBR's. The /- 
nuclear  d a t a  should b e  c o n t i n u a l l y  upgraded as r e s u l t s  of c r i t i c a l  experi-  

ments,  p ro to type  i r r a d i a t i o n s ,  and d i f f e r e n t i a l  c ross -sec t ion  measurements 

become a v a i l a b l e .  

Radiat ion Dose Rates and Shie ld ing  Requirements. - Progres s ive ly  

improved assessment of  r a d i a t i o n  dose rates and s h i e l d i n g  requirements  

w i l l  be r equ i r ed  during conceptual ,  p re l iminary ,  and d e t a i l e d  des ign  of  

LMFBR f u e l  process ing  p l a n t s .  Shie ld ing  requirements ,  as a func t ion  of 

capac i ty  and type  of ope ra t ion ,  are p a r t i c u l a r l y  needed i n  t h e  area of  

plutonium product  handl ing and f u e l  p repa ra t ion .  
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4.12 C r i t i c a l i t y  S t u d i e s  - Task 1 2  

C r i t i c a l i t y  c o n s i d e r a t i o n s  have high p r i o r i t y  i n  t h e  design and 

ope ra t ion  of f a c i l i t i e s  which p rocess  f i s s i o n a b l e  i s o t o p e s  s o  t h a t  inad- 

v e r t e n t  c r i t i c a l i t y  does n o t  occur.  

i ng  l i m i t s  on geometry, m a s s ,  f i s s i l e  concen t r a t ion ,  d e n s i t y ,  moderation, 

r e f l e c t i o n ,  f i x e d  o r  s o l u b l e  neutron absorber  c o n c e n t r a t i o n ,  o r  a combina- 

t i o n  of t hese .  I t  i s  t h e  g o a l  of c r i t i c a l i t y  s t u d i e s  t o  f i n d  t h e  limits 

o r  combinations of l i m i t s  f o r  each s t e p  i n  a p rocess  which are s a f e ,  prac- 

t ical ,  and economical. 

This  may b e  accomplished by maintain- 

4.12.1 Basic C r i t i c a l i t y  Data 

Homogeneous Systems. - Basic c r i t i c a l i t y  d a t a  up t o  e a r l y  1964 has  

been summarized by Paxton -- e t  al.' f o r  t h e  f i s s i l e  i s o t o p e s  inc lud ing  

239Pu. I n  F igs .  27 t o  30 of r e f .  1, t h e  sphe re  c r i t i ca l  m a s s ,  t h e  sphere 

volume, t h e  diameter of i n f i n i t e  c y l i n d e r s ,  and t h e  th i ckness  of i n f i n i t e  

s l a b s  of homogeneous water-plutonium systems are g iven  as a f u n c t i o n  of 

plutonium d e n s i t y  o r  H/Pu atomic r a t i o .  

r e s u l t s  of e a r l y  experiments a t  Hanford, Rocky F l a t s ,  Saclay, and Los 

Alamos, and c o r r e c t i o n s  were a p p l i e d  s o  t h a t  t h e  neutron abso rp t ion  e f f e c t s  

of n i t r a t e  and 240Pu were n o t  included.  

Pu-A1 rod l a t t i ce s  w a s  a l s o  included i n  t a b u l a r  form. Since then ,  e f f o r t s  

have been made toward gene ra t ing  b a s i c  c r i t i c a l i t y  d a t a ,  using n i t r a t e  

s o l u t i o n s  (having varying 240Pu con ten t )  i n  s p h e r i c a l ,  c y l i n d r i c a l ,  and 

p a r a l l e l o p i p e d  geometries.  Ca lcu la t ions  f o r  t h e s e  geometr ies ,  as w e l l  as 

t h e  c o r r e c t e d  experimental  d a t a ,  have been summarized by Hansen.2 

d a t a  i n c l u d e  PuO 

which provide more confidence i n  t h e  c a l c u l a t i o n s  f o r  t h e  H/Pu range below 

50. 

performed i n  c y l i n d e r s ,  4 y  s phe res ,  and p a r a l l e l o p i p e d s  , are presented 

elsewhere. I n  a d d i t i o n ,  t h e r e  e x i s t  c r i t i c a l  experiments w i th  one and 

two annu la r  c y l i n d e r s  

t o  s p e c i a l  problems although t h e  experiments were done wi th  l i m i t e d  

volumes. 

These curves are de r ived  from 

A set  of experiments f o r  5 w t  % 

These 

polyethylene compacts a t  H/Pu atomic r a t i o s  of 5 t o  15,  2- 

Complete t a b u l a t i o n  of experiments which have been analyzed, 293 

7 
of n i t r a t e  s o l u t i o n  which may have a p p l i c a t i o n  

A p r e c i s e  measurement of t h e  c r i t i ca l  mass f o r  a wa te r - r e f l ec t ed  
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. I . :  - 

plutonium sphere  has  been completed.8 Ca lcu la t ions  of k f o r  t h i s  

assembly, using t r a n s p o r t  theory ,  DTF, i n  t h e  S approximation and 

wi th  Hansen-Roach c r o s s  s e c t i o n s ,  gave a va lue  of 1.0037. 

e f f  

8 

Richey3 has  c a l c u l a t e d  b a r e  and wa te r - r e f l ec t ed  c r i t i c a l  sphere  r a d i i  

f o r  P u ( N O ~ ) ~  s o l u t i o n s  0 ,  3,  o r  6 - M i n  n i t r i c  a c i d  and conta in ing  0 o r  5 w t  

% Pu. Hansen has  c a l c u l a t e d  wa te r - r e f l ec t ed  c r i t i c a l  r a d i i  f o r  sphe res  

of Pu-H 0 mixtures  f o r  0 ,  5 ,  10,  15 ,  and 20 w t  % Pu. Hansen and Clayton 

have c a l c u l a t e d  t h e  c r i t i c a 1 i t . y  condi t ions  f o r  va r ious  plutonium compounds 

f o r  H/Pu r a t i o s  of 0 t o  20. 

2 40 2 

9 
2 

Fixed Neutron Absorber. - C r i t i c a l i t y  experiments w i th  b o r o s i l i c a t e -  

g l a s s  r a sch ig  r i n g s  have n o t  been done t o  determine t h e  plutonium concen- 

t r a t i o n s  f o r  which km < 1 f o r  v a r i a t i o n s  i n  boron conten t  i n  t h e  g l a s s ,  f o r  

var ious  volume f r a c t i o n s  of  g l a s s ,  f o r  va r ious  r i n g  s i z e s ,  f o r  va r ious  

n i t r a t e  concentrat ions,  o r  f o r  va r ious  2 4 0 ~ u  contents .  

source  m u l t i p l i c a t i o n  experiment has  been performed i n  a 30-in.-diam 

cy l inde r .  The raschig  r i n g s  contained 19 w t  % B 0 (6 w t  % boron) and 

f i l l e d  25% of the  volume. 

source  m u l t i p l i c a t i o n  curve i n d i c a t e d  t h a t  t h e  test vessel would n o t  be  

c r i t i c a l  a t  any h e i g h t  f o r  a n i t r a t e  s o l u t i o n  t h a t  con ta ins  350 g of  Pu 

pe r  l i t e r  and about 5.5 w t  % of 240Pu, and i s  9 - M i n  excess  n i t r i c  ac id .  

A s i n g l e  neut ron  
10 

2 3  
The e x t r a p o l a t i o n  of t h e  inve r se  of t h e  neutron 

Experiments us ing  s m a l l  c y l i n d r i c a l  v e s s e l s ,  conta in ing  e i t h e r  randomly 

arranged r a s c h i g  r i n g s  o r  r e g u l a r l y  spaced Pyrex g l a s s  t ubes ,  are i n  pro- 

g r e s s  i n  France. 11 

Soluble  Neutron Absorbers. - C r i t i c a l i t y  experiments wi th  s o l u b l e  

neut ron  absorbers  such as boron,  cadmium, o r  rare e a r t h s  i n  homogeneous 

plutonium s o l u t i o n s  have n o t  been performed. 

Pu-A1 L a t t i c e  Experiments. - L a t t i c e  experiments wi th  t h r e e  sets of 
1 2  Pu-A1 a l l o y  rods i n  l i g h t  water have been r epor t ed  by H i l l  and Parker .  

The rods have 1.8, 2.0, and 5.0 w t  % Pu i n  t h e  a l l o y .  Most of t h e  d a t a  

have been analyzed by Worden, L i i k a l a ,  and Reardon. l3 The au tho r s  s ta te :  

"Three areas of  p o t e n t i a l  d i f f i c u l t y  i n  t h e  a n a l y s i s  of plutonium 
systems were s tud ied ;  (1) t h e  b a s i c  c r o s s  s e c t i o n  d a t a ,  (2) calcu- 
l a t i o n  of t h e  space-energy d i s t r i b u t i o n  of  thermalized neut rons  i n  
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a l a t t i c e  c e l l ,  and (3) methods of c a l c u l a t i n g  t h e  neut ron  absorp t ion  
ra te  i n  t h e  1.056 e V  resonance of 240p,u.tr 

1 4  The c a l c u l a t e d  k e f f ’ s  were w i t h i n  0.983 t o  1.026 f o r  t h e  Sher-Felberbaum 

thermal c ros s  s e c t i o n s  and w i t h i n  1.005 t o  1.054 f o r  t h e  Leonard va lues  

f o r  t h e  experiments f o r  which k = 1.000. 

15 

Rods conta in ing  5 w t  % plutonium are c u r r e n t l y  being s t u d i e d  i n  
16 la t t i ce  experiments w i th  boron d i s so lved  i n  t h e  moderator.  

Plutonium l a t t i c e  experiments are important  because they permit  t he  

s e l f - s h i e l d i n g  e f f e c t s  f o r  neut ron  abso rp t ion  i n  t h e  1.0-ev resonance of 

240Pu t o  b e  understood. 

mass i s  smaller than  f o r  t h e  homogeneous system, similar t o  e f f e c t s  found 

i n  low-enrichment uranium systems. 

There may b e  a rod s i z e  f o r  which t h e  c r i t i c a l  

PuO -UO L a t t i c e  Experiments. - Mixed plutonium-uranium oxide rod -2-2 
lat t ices have been s t u d i e d  a t  Battelle Northwest ( formerly Hanford) 

Labora tor ies  and a t  t h e  Westinghouse Reaktor Evalua t ion  Center  (WREC). 

Although t h e s e  la t t ices  con ta in  much less plutonium and more uranium 

than expected i n  t h e  LMFBR f u e l s ,  t h e  methods f o r  c a l c u l a t i n g  t h e s e  

experiments w i l l  b e  u s e f u l  f o r  LMFBR compositions i n  rod l a t t i c e s .  

I2’l7 wi th  1 .5  w t  % Pu02 i n  dep le t ed  UO 2’ e a r l y  Hanford experiments 

t h e  WREC experiments w i th  6 . 6  w t  % PuO i n  n a t u r a l  UO have been calcu- 

lated by Bindler  and Poncelet .”  

g e n e r a l ,  k values  are g r e a t e r  than  un i ty .  I f  c r i t i c a l i t y  c a l c u l a t i o n s  

are made f o r  k = 1 f o r  l a t t i c e  arrangements,  conserva t ive  s i z e s  w i l l  

r e s u l t .  

exper imenta l ly .  

The 

and 
18 

2 2 
The r e s u l t s  are i n  good agreement; i n  

Schmid17 r e p o r t s  c a l c u l a t e d  masses 2 t o  5% h ighe r  than  obta ined  

Orr e t  a1.20 repor t ed  c a l c u l a t e d  k va lues  f o r  t h e  WREC l a t t i c e  e f f  -- 
experiments w i t h i n  -0.01 t o  + 0.02 o f  t h e  experimental  va lue  of 1.000. 

The i n i t i a l  loading  f o r  t h e  unrodded co re  i n  EBWR program f o r  t h e  

u t i l i z a t i o n  of plutonium w a s  calculated2’  t o  have a k 

22 f u e l  assemblies ,  each of which contained 1.5 w t  % PuO -UO 

of 1.007 f o r  e f f  

2 2 ’  

(plutonium i s o t o p i c  

7.65, 16.64, and 23.50 w t  % 240Pu) i n  n a t u r a l  U 0 2  have 

2 2 y 2 3  w i t h  2.0 w t  % PuO Lat t ice  experiments 
2 

composition: 

been completed, and c a l c u l a t i o n s  f o r  t h e s e  underes t imate  t h e  k va lues  
e f  f 
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1 4  by 1 t o  2%. The Sher-Felberbaum 

however , s u b s t i t u t i n g  r ecen t  c r o s s - ~ e c t i o n ~ ~  va lues  increased  k 

approximately 1%. 

thermal  c r o s s  s e c t i o n s  were used; 

e f f  

C r i t i c a l i t y  Ca lcu la t ions  f o r  LWR and LMFBR Fuels .  - The problem of 

s e l e c t i n g  c r i t i c a l i t y  c o n t r o l s  t h a t  w i l l  no t  unduly res t r ic t  f u e l  cyc le  

processing opt'ions i s  magnif ied by t h e  pauc i ty  of c r i t i c a l  experimental  

d a t a  f o r  systems t h a t  con ta in  h igh  concent ra t ions  of 240Pu, 238U, and 

o the r  neut ron  abso rbe r s .  Some c a l c u l a t e d  c r i t i c a l i t y  data25 t h a t  w i l l  

be  u s e f u l  f o r  t h e  development of pre l iminary  equipment designs have been 

generated.  The c r i t i c a l i t y  c a l c u l a t i o n s  were performed, using t h e  t r ans -  

p o r t  theory code, ANISN, i n  t h e  S approximation wi th  16-group Hansen- 

Roach c ross  s e c t i o n s .  

i n  t h e  Hansen-Roach l i b r a r y  were taken from t h e  GAM-I1 l i b r a r y .  The 

surveys were performed over  t h e  range of moderation t o  show c r i t i c a l  

s i z e s  and masses p r imar i ly  f o r  t h e  d ischarge  f u e l  compositions a n t i c i p a t e d  

i n  LMFBR's and LWR'S. Cadmium n i t r a t e  o r  b o r i c  a c i d  a t  s e v e r a l  d i f f e r e n t  

concent ra t ions  w a s  inc luded  i n  some of t h e  computations t o  show t h e  

increased  c r i t i c a l  s i z e s  r e s u l t i n g  from t h e  presence of neutron absorbers ,  

e s p e c i a l l y  i n  the' h igh  moderation range.  

var ious  f u e l  oxide mixtures  were made t o  provide guidance i n  o t h e r  f u e l  

element manufacturing o r  process ing  s t e p s .  

4 
Cross-sect ion sets f o r  241Pu and 242Pu no t  found 

Addi t iona l  c a l c u l a t i o n s  f o r  

25 Se lec t ed  plutonium c r i t i c a l  experiments were a l s o  ca l cu la t ed .  

They y i e lded  k e f f ' s  less than 2% h igh  except  f o r  t h e  PuO -polystyrene 

compacts, where t h e  k ' s  w e r e  3 t o  5% l a r g e r  than u n i t y .  For t h e  l a t t e r ,  
2 

e f f  
w a s  made f o r  t h e  e f f e c t s  of p a r t i c l e  s i z e  i n  t h e  PuO,, and 

L 25 
kef f was is  considered t o  be  s a t i s f a c t o r y .  The ca l cu la t ed  

ANISN t r a n s p o r t  code f o r  t h e  water - re f lec ted  plutonium 

no c o r r e c t i o n  

t h e  agreement 

1.0044, us ing  

sphere.  8 

Ca lcu la t ions  were made over t h e  range of H/Pu atomic r a t i o s  f o r  

oxide-water mixtures  of 239Pu, LWR Pu, LMFBR Pu, LMFBR (Pu+U) f u e l s  

[Pu/(Pu+U) = 0.247 and 0.2431; t h e  LMFBR f u e l s  had va r ious  concen t r a t ions  

of boron and cadmium. Ca lcu la t ions  were a l s o  made f o r  plutonium f u e l s  

having only two i s o t o p e s ;  t h e  r a t i o  of t h e s e  i so topes  was va r i ed .  Typica l  
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parameters ,  inc luding  t h e  e f f e c t s  of 240Pu, 238LJ, boron, and cadmium, 

are i l l u s t r a t e d  by F igs .  4.20-4.24. 

The 05R Monte Car lo  code26 w a s  used t o  c a l c u l a t e  km f o r  f i v e  plutonium 

n i t r a t e  s o l u t i o n s ;  two s i z e s  of b o r o s i l i c a t e - g l a s s  tubes  conta in ing  4 w t  % 

boron w e r e  considered.  The s o l u t i o n s  contained excess n i t r i c  a c i d  ( t h e  

n i t r i c  a c i d  concen t r a t ion  v a r i e d  from 0.74 - M t o  2 . 8  - M) and 132  t o  431  g 

of 239Pu p e r  l i t e r .  

corresponded t o  a random arrangement of s imilar  s i z e d  Raschig r i n g s .  

0.625-in.-OD x 0.43-in.-ID tubes  a t  30 v o l  % g l a s s  corresponded t o  another  

Raschig r i n g  s i z e .  

solution--24% g l a s s  systems conta in ing  less than 220 g of plutonium p e r  

l i t e r  and f o r  a solution--30% g l a s s  system conta in ing  less than  450 g of 

plutonium p e r  l i t e r .  With 5 w t  % 240Pu,the c r i t i c a l  concen t r a t ions  are 

c a l c u l a t e d  t o  be  greater than  450 g of plutonium pe r  l i t e r .  

a l s o  showed t h a t  t h e  random arrangement of Raschig r i n g s  would be  less 

r e a c t i v e  than t h e  g l a s s  tube  arrangement. These c a l c u l a t i o n s  are n o t  

i n c o n s i s t e n t  w i t h  t h e  measurement by Schuske. 

The 1.50-in.-OD x 1.25-in.-ID tubes  a t  24 v o l  % g l a s s  

The 

The c a l c u l a t i o n s  show t h a t  km is  less than 1 f o r  

Ca lcu la t ions  

10 

4.12.2 Engineering Appl ica t ions  of C r i t i c a l i t y  Data 

Spent Fuel  Shipping. - The minimum c r i t i c a l  mass of plutonium i n  a 

compact a r r a y  of t y p i c a l  LMFBR co re  f u e l  assemblies  f looded wi th  sodium 

and r e f l e c t e d  by steel  o r  l ead  i s  n o t  known accura t e ly  a t  p r e s e n t ,  b u t  

may be  e s t ima ted  t o  b e  i n  t h e  range of several hundred ki lograms.  27  

l a r g e r  masses would r e s u l t  i f  t h e  elements were spaced s l i g h t l y  f a r t h e r  

a p a r t  than i n  t h e  r e a c t o r  o r  i n t e r s p e r s e d  wi th  r a d i a l  b l anke t  e lements .  

These estimates imply t h a t ,  from a c r i t i c a l i t y  p o i n t  of view, a l a r g e  

f r a c t i o n  of an e n t i r e  LMFBR core  could  be  shipped a t  one t i m e  i n  a s i n g l e  

cask i f  s u f f i c i e n t  f e a t u r e s  are provided t o  a s s u r e  t h a t  t h e  sodium i s  no t  

d i sp l aced  by a more e f f i c i e n t  moderator such as water. 

Even 

It is  a n t i c i p a t e d  tha-t  r e a c t o r  c r i t i ca l  experiments w i l l  provide 

s u f f i c i e n t  in format ion  t o  determine t h e  necessary  c r i t i c a l i t y  parameters  

of LMFBR casks t h a t  are f i l l e d  wi th  sodium o r  g a s ,  Cr i t ica l  experiments,  

perhaps us ing  boron -- s t a i n l e s s  s tee l  p l a t e s  between assemblies  o r  mockups 
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Fig. 4.20. C r i t i c a l  Masses of Spheres f o r  Various Plutonium 
Fue l s  Ref l ec t ed  by 3-cm-thick S t a i n l e s s  S t e e l ,  
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Fig. 4.21.  C r i t i c a l  Volumes f a r  Spheres of Various Plutonium Fuels 
Ref l ec t ed  by 3-cm-thick S t a i n l e s s  S t e e l ,  
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Fig .  4 .22 .  C r i t i c a l  Radi i  f o r  I n f i n i t e  Cyl inders  of Various 
Plutonium Fue l s  Ref l ec t ed  by 3-cm-thick S t a i n l e s s  S t e e l ,  
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Fig.  4.23. C r i t i c a l  Thicknesses  of I n f i n i t e  S labs  f o r  Various 
Plutonium Fue l s  Ref l ec t ed  by 3-cm-thick S t a i n l e s s  S t e e l .  
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of assemblies ,  w i l l  b e  necessary  i f  s u b c r i t i c a l i t y  must be  assured  i n  t h e  

event  of water moderation. 

Spent Fuel  S torage ,  Handling, and Chopping. - Minimum c r i t i c a l  masses 

of plutonium i n  d ry ,  chopped f u e l  o r  a r r a y s  of e lements  are i n  t h e  

hundreds of kilograms and i n c r e a s e  as t h e  i n v e r s e  1.0 t o  2.0 power of 

t h e  apparent  dens i ty  of t h e  f u e l  (Fig.  4 . 2 4 ) .  No s i g n i f i c a n t  c r i t i c a l i t y  

l i m i t a t i o n s  are expected i n ' d r y  o r  l iquid-metal-cooled s t o r a g e ,  handl ing ,  

and chopping of LMFBR elements .  It  may become necessary  t o  l i m i t  t h e  

number of elements dur ing  t h e  steaming of equipment f o r  removal of sodium. 

Fuel  Element Disso lvers .  - The c a l c u l a t i o n s  summarized i n  F igs .  

4.20-4.24 were performed p r imar i ly  t o  a i d  i n  t h e  s e l e c t i o n  of conceptual  

des igns  f o r  LMFBR f u e l  element d i s s o l v e r s .  C r i t i c a l  masses, volumes, and 

dimensions were c a l c u l a t e d  over  v i r t u a l l y  t h e  e n t i r e  range of  p o s s i b l e  

hydrogen moderation i n  an a t tempt  t o  estimate minimum c r i t i c a l  parameters 

f o r  a l l  p o s s i b l e  suspensions of undissolved f u e l  s o l i d s  i m  s o l u t i o n s  of 

p a r t i a l l y  d i s so lved  f u e l .  

i s  presented  i n  Table  4.22 .  It  has  been assumed t h a t  t h e  s e t t l i n g  of f u e l  

p a r t i c l e s  i n  d i s s o l v e n t s  w i l l  r e s u l t  i n  s o l i d  volume f r a c t i o n s  no g r e a t e r  

than 0.6.  

A summary o r  t h e s e  es t imated  c r i t i c a l  parameters 

The f i r s t  f i v e  rows of Table  4.22 i l l u s t r a t e  t h a t  suspensions of pure 

PuO i n  water o r  d i l u t e  d i s s o l v e n t  can r e s u l t  i n  a minimum c r i t i c a l  f i s s i l e  

m a s s  of 1 kg o r  less, minimum c r i t i c a l  volumes of only s e v e r a l  l i t e rs ,  

c y l i n d e r  diameters  of less than 5 i n . ,  and s l a b  th i cknesses  of less than 

3 i n .  Such l i m i t a t i o n s  on t h e s e  parameters  are p o t e n t i a l l y  r equ i r ed  under 

2 

cond i t ions  i n  which t h e  UO might b e  leached p r e f e r e n t i a l l y  from t h e  UO - 
Pu02 (e .g . ,  i n  t h e  d i s s o l u t i o n  of u n i r r a d i a t e d ,  mechanical ly  blended p e l l e t s )  

o r  i f  plutonium polymer formation is  poss ib l e .  Line 6 of t h e  t a b l e  shows, 

however, t h a t  t h e  e f f e c t  of making t h e  d i s s o l v e n t  0 . 4  - M i n  cadmium is  t o  

m a t e r i a l l y  i n c r e a s e  t h e s e  parameters .  

2 2 

The remaining 7 rows of Table  4.22 show t h e  apprec iab ly  l a r g e r  va lues  

of t h e  minimum c r i t i ca l  parameters  t h a t  w i l l  r e s u l t  wi th  t h e  use of cadmium 

as a s o l u b l e  poison i f  i t  can be  assumed t h a t  t h e  UO -PuO f u e l  p a r t i c l e s  

w i l l  n o t  m a t e r i a l l y  change i n  composition dur ing  d i s s o l u t i o n .  The e f f e c t  
2 2  



Table 4.22. Calculated C r i t i c a l  Parameters f o r  60 vol  % Fuel Oxide Solids i n  
Various Solutions f o r  Various Reflector Conditions 

C r i t i c a l  Sphereb I n f i n i t e  Inf i n i t e  
Reflector - Cylinder Slab 

m.-, W(239Pu + 24lPu) _. 
Solutiona for 60% Material Thickness Mass Volume Diameter Thickness P uc.L 

Solid Solids (cm) (kg of 239Pu + 241Pu) ( l i t e r s )  ( in .  ( in . )  

2 3 0 ~  
2 

239h0, 

IWR-PuO, 
IMFBR-PuO, 
IMFFIR-PuO, 
IMFBR- ( Pu+U)O, 
IMFFIR-(Pu+u)o, 

m- (Pu+U)O, 
m - ( P u + U ) o ,  

LMFBR- (Pu+U)O, 
WBR- ( Pu+U)O, 

IMFBR- (Pu+U)O, 

230- 

Water 

Water 
Water 

Water 

43 g ( h + U ) / l i t e r  
300 g (h+U)/ l i te r ,  0.4 Cd 
43 g (Pu+U)/liter 
300 g (Pu+U)/liter, 0.2 g Cd 
300 g (Pu+U)/liter, 0.h Cd 
300 g (Pu+U)/liter, 1.0 M Cd 

300 g (Pu+U)/liter, 0.2 M Cd 
300 g (Pu+U)/liter, 0.4 M Cd 

300 g ( h + U ) h i t e r ,  1.0 E Cd 

1.75 
1.75 
1.75 
2.41 
2.39 
2.05 

8.74 
8.55 
7.89 
8.74 
8.55 
7.89 

10.2 

Bare 

SS 

Water 

SS 

ss 
ss 
ss 
ss 
ss 
ss ' 

Soh .  

Soln. 

Soln. 

3 
15 
3 
3 
3 
3 
3 
3 
3 

15' 

15' 

1 5 C  

27.2 (0.86) 
17.5 (0.62) 
11.2 (0.48) 
17.0 (1.0) 

18.5 (- 1 )  
20.0 

8h. (2.3) 
90. 
96. 
110. 

72. 
86. 
106. 

4.6 
2.9 
1.8 
3.8 
4.6 
5.0 
86. (65.) 
92. 
98. 
112. 

74. 
88. 
108. 

6.1 
4.6 
3.5 

5.5 

15.7 
15.9 
16.1 
17.3 

3.3 
2.2 
0.9 

2.6 

2.7 r\) 

8.6 4 

9.0 
9.2 
9.8 

-.A 

a ~ l  solutions (except water) were 3 5 i n  HNO,. 

bValues i n  parentheses are  minimum values a t  higher H/Pu r a t i o s ;  other values are  minimal a t  60 v o l  %. 
'An i n f i n i t e  r e f l e c t o r  of solution was simulated by re turning all leakage neutrons a t  15 cm. Plutonium i n  re f lec tor  not  included i n  the  mass value. 
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of t h e  presence of t h e  238U0 

low moderation range i n  which t h e  cadmium absorp t ion  i s  n o t  e f f e c t i v e .  

presence of s t a i n l e s s  s teel  h u l l s  mixed wi th  t h e  oxide f u e l  would enhance 

t h i s  e f f e c t ,  b u t  t h e  h u l l s  were omit ted i n  t h i s  a n a l y s i s  f o r  conservatism. 

The e f f e c t  of t h e  cadmium i n  s o l u t i o n  i s  t o  provide t h a t  no more res t r ic t ive 

l i m i t s  w i l l  apply i n  t h e  in t e rmed ia t e  range of moderation. 

boron i n  s o l u t i o n  would serve t h i s  purpose t o  a lesser e x t e n t .  

boron, nea r  i t s  s o l u b i l i t y  l i m i t  of approximately 0.2 - M, has neutron absorp- 

t i o n  p r o p e r t i e s  comparable t o  cadmium a t  about 0.05 - M . 2 8  The d i s p e r s i o n s  of 

UO -PuO 

70 kg; minimum c r i t i c a l  c y l i n d e r  diameters  and s l a b  th i cknesses  are i n  t h e  

range of 15  and 9 i n . ,  r e s p e c t i v e l y .  

i s  t o  i n c r e a s e  t h e  c r i t i c a l  parameters i n  t h e  

The 
2 

I n  p r i n c i p l e ,  

Na tu ra l  

i n  d i s s o l v e n t s  con ta in ing  cadmium have f i s s i l e  masses g r e a t e r  than 2 2 

P r e s e n t  d a t a  i n d i c a t e  t h a t  s e l e c t i v e  leaching of UO from i r r a d i a t e d  2 
U02-PuO 

a p p r o p r i a t e  cond i t ions  t o  provide confidence i n  t h e  a p p l i c a t i o n  of t h e s e  

more f avorab le  va lues  of t h e  minimum c r i t i c a l  parameters.  A v a r i e t y  of 

s e l e c t e d  c r i t i c a l  experiments should b e  performed t o  v a l i d a t e  t h e  methods 

f o r  computing c r i t i c a l  parameters of d i s p e r s i o n s  of mixed UO -PuO s o l i d s  

i n  s o l u t i o n s  con ta in ing  cadmium and boron. I n  a d d i t i o n ,  c r i t i ca l  experi-  

ments should b e  performed t o  v a l i d a t e  s p e c i f i c  equipment des igns  as LMFBR 

d i s s o l u t i o n  hardware development approaches p l a n t  scale. 

is  probably n e g l i g i b l e ,  b u t  t h i s  must b e  s u b s t a n t i a t e d  f o r  a l l  2 

2 2 

Pulsed E x t r a c t i o n  Columns. - The Nuclear Fuel  Se rv ices  f u e l  processing 

p l a n t  employs a lO-in.-diam e x t r a c t i o n  column t o  p rocess  (U + Pu) f u e l ,  

us ing t h e  Purex p rocess ,  a t  t h e  ra te  of about one tonlday.  

top s e c t i o n  of t h e  column con ta ins  p l a t e s  of 1% boron--s ta inless  steel  t o  

make t h e  column s a f e  a t  t h e  a n t i c i p a t e d  m a x i m u m  plutonium concen t r a t ion .  

The r a t i o n a l e  f o r  t h e  use  of a 10-in.-diam column g e n e r a l l y  assumes t h a t  

a d m i n i s t r a t i v e  c o n t r o l  w i l l  b e  e x e r c i s e d  t o  prevent  t h e  e f f e c t  of r e f l u x  

from concen t r a t ing  t h e  plutonium i n  t h e  column t o  g r e a t e r  t han  about 35 g 

of plutonium p e r  l i t e r .  A more conse rva t ive  assumption, i .e.  t h a t ' r e f l u x  

i s  n o t  d e t e c t e d  b e f o r e  t h e  s o l v e n t  becomes s a t u r a t e d  wi th  plutonium ( a t  

about 120 g of plutonium p e r  l i t e r ) ,  would r e q u i r e  t h a t  column diameters  be 

l i m i t e d  t o  about 8 i n .  

The expanded 



Boron--stainless s t e e l  is n o t  considered as a s u i t a b l e  material of  

cons t ruc t ion  f o r  p u l s e  p l a t e s  (which are s u b j e c t  t o  v i b r a t i o n  and d i f f i c u l t  

t o  i n s p e c t  p e r i o d i c a l l y )  because t h i s  material has  poor r e s i s t a n c e  t o  cor- 

ro s ion  and r e q u i r e s  mechanical ( r a t h e r  than  welded) f a s t e n e r s  due t o  i t s  

b r i t t l e n e s s .  Developmental work f o r  r e a c t o r  c o n t r o l  p l a t e s  has  revea led  

t h a t  s t a i n l e s s  steels conta in ing  a d i s p e r s i o n  of gadolinium oxide  i n  t h e  

concent ra t ion  range of i n t e r e s t  do n o t  s u f f e r  any apprec iab le  change i n  

t h e i r  mechanical and chemical p r o p e r t i e s .  

The c a l c u l a t i o n s  presented  i n  Fig.  4.25 w e r e  performed to estimate t h e  

c r i t i c a l  diameters  of  pulsed columns t h a t  would use pu l se  p l a t e s  made of  

gadol inium--stainless  s teel .  29 A p l a t e  th i ckness  of 1/8 i n .  w a s  assumed 

f o r  most of t h e s e  c a l c u l a t i o n s  i n  an a t tempt  t o  estimate t h e  e f f e c t  of t h e  

normally 3/16-in.-thick p l a t e s  which have h o l e s  i n  23% of t h e  s e c t i o n a l  

area. From t h e s e  d a t a  i t  i s  es t imated  t h a t  t h e  e f f e c t  of i nco rpora t ing  

pu l se  p l a t e s  conta in ing  about  0 .3  w t  % gadolinium a t  a 1.5-in. p l a t e  

spacing would b e  t o  provide e s s e n t i a l l y  unl imi ted  column diameters  f o r  

t h e  customary assumption of a m a x i m u m  plutonium concent ra t ion  of about 35 

g / l i t e r  [H/(239Pu + 241Pu) = 10001 o r  t o  approximately 9.5 i n .  f o r  t h e  

more conserva t ive  assumption of a m a x i m u m  plutonium concen t r a t ion  of '120 

g / l i t e r  [H/(239Pu + 241Pu) = 2201. A t  a l - i n .  spacing and 0.4 w t  % gado- 

l inium, t h e  c r i t i c a l  column diameters  are about 16  i n .  a t  80 g of plutonium 

pe r  l i t e r  and about  11.8 i n .  a t  120 g of plutonium p e r  l i t e r .  

Such l a r g e  column s i z e s  can c o n t r i b u t e  t o  the  economy of p l a n t s  f o r  

processing power r e a c t o r  f u e l s  (LWR as w e l l  as LMFBR) a t  rates of 5 
tons/day o r  g r e a t e r .  

r e q u i r e  c r i t i c a l  experiments t o  v a l i d a t e  t h e  poisoning e f f e c t  of gadolinium 

and t o  determine t h e  geometr ica l  e f f e c t s  of t h e  ho le s  i n  t h e  pulse 

experiments t o  v a l i d a t e  t h e  co r ros ion  r e s i s t a n c e  of t h e  gadoliniun 

s t a i n l e s s  s teel ,  and s t u d i e s  t o  gene ra t e  des igns  t h a t  w i l l  ensure 

p r i a t e  p l a t e  spacing and i n t e g r i t y  dur ing  t h e  in tended  s e r v i c e  l i l  

Confirmation of t h e  estimates presented above would 

Plutonium Storage.  - The use  of l a r g e  tanks  packed wi th  boro: 

g l a s s  Raschig r i n g s  is  c u r r e n t l y  t h e  p r e f e r r e d  technique f o r  i n t e .  

s t o r a g e  of p u r i f i e d  plutonium s o l u t i o n s  i n  process ing  p l a n t s .  Ev 
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by 3-cm-thick Stainless Steel. 



221 

good t h a t  s o l u t i o n s  of t h e  normal s t o r a g e  concent ra t ion ,  about 200 g of 

plutonium p e r  l i t e r ,  w i l l  remain s u b c r i t i c a l  and t h a t  t h e  product would no t  

become contaminated by leaching  of  boron from t h e  r i n g s .  It has  no t  y e t  

been determined t h a t  b o r o s i l i c a t e - g l a s s  raschig r i n g s  w i l l  have a s u i t a b l e  

service l i f e  i n  s o l u t i o n s  of high-exposure plutonium wi th  a s soc ia t ed  high 

a lpha  and b e t a  r a d i a t i o n  levels .  

Plutonium Product Shipment. - The shipment of plutonium s o l u t i o n  i n  

1 0 - l i t e r  polypropylene b o t t l e s  contained i n  b i r d  cages i s  c u r r e n t l y  con- 

s i d e r e d  s a f e ;  however, i t  is  r e l a t i v e l y  expensive.  Larger  con ta ine r s  

i nco rpora t ing  e i t h e r  h igh  surface-to-volume geometry o r  f i x e d  neut ron  

sbsorbers  could improve t h e  economics of  t h e  shipment of s o l u t i o n s  by 

decreasing handl ing and bulk  sh ipping  charges.  S t i l l  l a r g e r  and more 

economical shipments i n  a s i n g l e  con ta ine r  a r e . p o s s i b l e  i f  t h e  plutonium 

i s  i n  the  form of a dry  oxide.  

4.13 Design and Engineering S t u d i e s  - Task 13 

Because of t h e  d i f f e r e n c e s  i n  f u e l s  used i n  LMFBR f a c i l i t i e s  as 

opposed t o  LWR systems, t h e  des ign  f e a t u r e s  and des ign  parameters r equ i r ed  

i n  a processing f a c i l i t y  t o  recover. f i s s i l e  and f e r t i l e  material from LMFBR 

f u e l s  may w e l l  b e  cons iderably  d i f f e r e n t  from t h e  des ign  f e a t u r e s  found i n  

a p l a n t  intended t o  recover  t h e s e  materials from spen t  LWR f u e l s .  

ope ra t ion  i n  an LMFBR f u e l  process ing  p l a n t ,  as i n  an LWR processing p l a n t ,  

is  a matter of prime concern. Because of t h e  probable  presence of sodium, 

t h e  expected presence of r e l a t i v e l y  l a r g e  q u a n t i t i e s  of r a d i o a c t i v e  f i s s i o n  

product gases  ( inc lud ing  r a d i o i o d i n e ) ,  and t h e  inc reased  p o t e n t i a l  f o r  

a t ta inment  of nuc lea r  c r i t i c a l i t y ,  a l l  t h e  f e a t u r e s  of p l a n t  des ign  relat- 

ing  
s t u d i e d  i n  o rde r  t o  make an assessment of  t h e  b e s t  way t o  a t t a i n  t h e  d e s i r e d  

l e v e l  of s a f e t y  a t  reasonable  c o s t .  

Sa fe ty  of 

t o  s a f e t y  and containment of f i s s i o n  products  should be reviewed and 

The du ra t ion  of t h e  decay per iod  p r i o r  t o  recovery of t h e  va luab le  

components from spen t  f u e l  w i l l  have a more pronounced e f f e c t  on t h e  over- 

a l l  f u e l  cyc le  c o s t  f o r  t h e  LMFBR than f o r  t h e  LWR. 

i n  recovering va luab le  materials from LWR f u e l  i s  t o  a l low the  f u e l  t o  

The p resen t  p r a c t i c e  
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decay f o r  a pe r iod  of  a t  least  150 days p r i o r  t o  process ing .  

decreas ing  t h i s  pe r iod  of decay w i l l  i n c r e a s e  t h e  d i f f i c u l t y  of  recovering 

t h e  va luab le  materials from LMFBR f u e l .  We do n o t  know a t  t h i s  time t h e  

magnitude of t h e  i n c r e a s e  i n  c a p i t a l  investment and o t h e r  charges  f o r  a 

g iven  r educ t ion  i n  decay per iod .  Because of t h e  absence of p o s i t i v e  infor -  

mation concerning t h e  c a p a b i l i t y  f o r  recovery of f u e l  a t  s h o r t  decay t i m e s ,  

i t  w i l l  b e  necessary  t o  de l ay  an a n a l y s i s  of t h e  economic decay per iod 

u n t i l  a c a p a b i l i t y  f o r  short-decay process ing  i s  demonstrated.  

exis t ,  however, t o  determine t h e  i n c r e a s e  i n  investment t h a t  can be t o l e r -  

a t e d  pe r  u n i t  r educ t ion  i n  decay time. 

Unquestionably, 

A need does 

Spent LMFBR f u e l s  w i l l  have plutonium con ten t s  t h a t  are approximately 

an o r d e r  of magnitude g r e a t e r  than  are found i n  LWR f u e l s .  

plutonium contents  may r e s u l t  i n  g r e a t e r  problems wi th  plutonium polymer- 

i z a t i o n  and plutonium handl ing i n  genera l .  We know of no thoroughgoing 

s tudy  dea l ing  wi th  problems involved i n  handl ing h igh  concen t r a t ions  of 

plutonium o r  t h e  r e l a t i v e l y  l a r g e  mass of plutonium t o  be  processed d a i l y .  

These increased  

The t r e n d  i n  LWR f u e l  recovery i s  t o  employ a c e n t r a l  f a c i l i t y  t o  

process  f u e l  from many r e a c t o r s .  

f u e l  from t h e  r e a c t o r s  t o  t h e  c e n t r a l  recovery f a c i l i t y  and, subsequent ly ,  

shipment of t h e  decontaminated plutonium from t h e  recovery f a c i l i t y  t o  a 

f a b r i c a t i o n  f a c i l i t y  and thence t o  t h e  r e a c t o r s .  Because of t h e  increased  

d i f f i c u l t y  of sh ipping  spen t  LMFBR f u e l  and because of t h e  d i f f e r e n c e s  i n  

t h e  f u e l  i t s e l f ,  as w e l l  as t h e  p o s s i b i l i t y  of t h e  advent of very  l a r g e  

r e a c t o r  s t a t i o n s  a t  some t i m e  i n  t h e  f u t u r e  ( l e t  us assume ca. 1990),  t h e  

p o s s i b i l i t y  e x i s t s  t h a t  a p l a n t  l o c a t e d  a t  t h e  s i t e  of t h e  r e a c t o r  s t a t i o n  

and se rv ing  e s s e n t i a l l y  only t h a t  r e a c t o r  s t a t i o n  might be  economically 

j u s t i f i e d .  

t h e  f o r e s e e a b l e  f u t u r e ,  i t  has  n o t  y e t  been found t o  be  economically prac- 

t i ca l  t o  s i tua te  a process ing  f a c i l i t y  a t  a r e a c t o r  s t a t i o n ;  however, t h e  

cond i t ions  t h a t  may p r e v a i l  i n  t h e  f u t u r e  and t h e  d i f f e r e n c e s  i n  t h e  n a t u r e  

of  t h e  f a s t  r e a c t o r  f u e l  may r e s u l t  i n  a r e v e r s a l  of t h i s  s i t u a t i o n .  

This  involves  shipment of t h e  spent  

- 

Under t h e  cond i t ions  t h a t  are expected t o  e x i s t  w i th  LWR's i n  

Nuclear s a f e t y  w i l l  b e  cons iderably  more d i f f i c u l t  i n  an LMFBR f u e l  

process ing  f a c i l i t y  because of t h e  inc reased  q u a n t i t y  and concen t r a t ion  of  
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f i s s i l e  material. We do n o t  know of any in-depth s t u d i e s  t h a t  have been 

made relative t o  n u c l e a r  s a f e t y  i n  recovery f a c i l i t i e s  f o r  LMFBR-type f u e l s ,  

e i t h e r  i n  an i n t e r i m  o r  a long-term recovery f a c i l i t y .  The work done thus  

f a r  has  been of a scou t ing  n a t u r e  and has  been d i r e c t e d  toward t h e  i n t e r i m  

process ing  f a c i l i t y .  It should b e  extended more f u l l y  i n  o rde r  t o  ensure  

s a t i s f a c t o r y  a p p l i c a t i o n  i n  a c t u a l  s i t u a t i o n s ,  inc luding  an i n t e r i m  proc- 

e s s i n g  f a c i l i t y .  

scale, long-term system i n  o r d e r  t o  e s t a b l i s h  b a s i c  p r i n c i p l e s  concerning 

t h e  design and ope ra t ion  of  process  equipment. 

A g r e a t  d e a l  of a d d i t i o n a l  work i s  ind ica t ed  f o r  t h e  l a rge -  

Addi t iona l  i n v e s t i g a t i o n s  are needed t o  determine what mod i f i ca t ions  
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w e l l  as on t h e  c o s t  of recovery of  f u e l ,  and of  t h e  e f f e c t  of o t h e r  g e n e r a l  

c h a r a c t e r i s t i c s  of equipment on process ing  c o s t .  These i t e m s  are matters of 
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5 .  STATEMENT OF PROBLEMS AND DEVELOPMENT PROGRAM TASKS 

I n  t h i s  s e c t i o n  t h e  developmental work necessary  t o  provide t h e  

information f o r  t h e  aqueous process ing  of LNFBR f u e l s  i s  d e t a i l e d ,  and a 

proposed schedule  i s  presented .  

i n  t h e  process ing  of LMFBR f u e l  can b e  d iv ided  i n t o  t h r e e  ca t egor i e s :  

The new problems t h a t  w i l l  be  encountered 

A. Problems t h a t  are independent of decay t i m e :  

1. Safe ty  problems i n  handl ing f u e l s  t h a t  may con ta in  sodium. 

2 .  Mechanical problems owing t o  t h e  f u e l  conf igu ra t ion ,  

i r r a d i a t i o n  damage t o  metals, e tc .  

3 .  C r i t i c a l i t y  and a s s o c i a t e d  problems r e s u l t i n g  from high 

plutonium concen t r a t ions  i n  t h e  f u e l .  

B. Spec ia l  problems t h a t  are amel iora ted  o r  e l imina ted  by delaying 

process ing  f o r  poss ib ly  up t o  one yea r  are: 

1. Retent ion  of sho r t - l i ved  gaseous f i s s i o n  products  

( s p e c i f i c a l l y  and 133Xe) . 
2 .  D i s s ipa t ion  of decay h e a t  during sh ipping  and s t o r a g e .  

3 .  Diss ipa t ion  of decay h e a t  during head-end ope ra t ions .  

4 .  Radia t ion  damage t o  s o l v e n t s  (a l though t h i s  is  n o t  l i k e l y  

t o  b e  a s i g n i f i c a n t  problem). 

C. Problems t h a t  are made s i g n i f i c a n t l y  more seve re  by i n c r e a s e  i n  

capac i ty  are : 

1. Disposal  of long-l ived r a d i o a c t i v e  gases  (85Kr, 3H2,  12 ) .  

2 .  C r i t i c a l i t y .  

129 

I n  gene ra l ,  e a r l y  emphasis should be p laced  on t h e  f i r s t  group, whi le  

t h e  longer-term approach w i l l  b e  reserved  f o r  t hose  problems t h a t  are 

occasioned by t h e  economic i n c e n t i v e  f o r  short-decay process ing  and t h a t  

are of such t e c h n i c a l  complexity as t o  r e q u i r e  an ex tens ive  development 

per iod .  

A t  t h i s  t i m e ,  w e  cannot e s t a b l i s h  t h e  optimum decay t i m e  o r  any o t h e r  

s p e c i f i c  parameter of f u e l  cond i t ion ,  bu t  w e  recognize  t h e  i n c e n t i v e  f o r  

minimizing t h e  decay per iod  (one month of decay t i m e  is  t h e  economic 

equ iva len t  of a 1% plutonium loss). 
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The breakdown of t a s k s  o u t l i n e s  t h e  proposed development i n  depth 

and covers a spectrum of parameters ,  such as f u e l  c h a r a c t e r i s t i c s  and 

cool ing  t i m e s ,  t o  provide t h e  gene ra l i zed  b a s i s  f o r  op t imiza t ion  of t h e  

processing cyc le .  

5 .1  Shipping - Task 1 

The o b j e c t i v e  of Task 1 i s  t o  ensure  t h a t  an economic and s a f e  method 

of shipment of LMFBR spen t  f u e l  w i l l  be  a v a i l a b l e  when needed f o r  t r a n s p o r t  

of f u e l  from t h e  demonstrat ion and e a r l y  commercial LMFBR's and, l a te r  on, 

from t h e  l a r g e  number of commercial r e a c t o r s .  The problem involves  f ind ing  

improved methods of h e a t  d i s s i p a t i o n  which are compatible wi th  t h e  a v a i l a b l e  

f a c i l i t i e s  and which are  accep tab le  t o  o p e r a t o r s  and r egu la to ry  a u t h o r i t i e s .  

The hea t  gene ra t ion  ra te  and phys ica l  c h a r a c t e r i s t i c s  of t h e  spen t  f u e l  can- 

n o t  p re sen t ly  be  s t i p u l a t e d ;  hence,  i t  w i l l  b e  necessary  t o  examine t h e  

problem over  a s u f f i c i e n t l y  broad spectrum t o  al low f u t u r e  cask des igners  t o  

opt imize f o r  whatever cond i t ion  t h a t  might e x i s t .  

This work may involve  a n a l y t i c a l  s t u d i e s  of t h e  va r ious  f a c e t s  of t h e  

problem: des ign ,  cons t ruc t ion ,  and t e s t i n g  of components and assemblies;  

and pre l iminary  des ign  of pro to type  casks s u i t a b l e  f o r  i n d u s t r i a l  needs. 

The process  op t ions  are dep ic t ed  i n  F ig .  5 .1 .  A l o g i c  diagram of t h e  

proposed work is  g iven  i n  F ig .  5 .2 ,  and a proposed schedule  of a c t i v i t i e s  

i s  shown i n  F ig .  5.3. 

Task 1.1 Evaluat ion of Heat Di s s ipa t ion  Methods 

This sub ta sk  involves  t h e  comparison of t h e  va r ious  p o s s i b i l i t i e s  f o r  

hea t  t r a n s f e r  and t r a n s p o r t  w i t h i n  a f u e l  sh ipping  cask.' The e f f e c t s  of 

t h e  v a r i a t i o n  of f u e l  subassembly conf igu ra t ion  and of t h e  ra te  of decay 

h e a t  gene ra t ion  may be  determined. New c a l c u l a t i o n a l  approaches and com- 

p u t e r  codes may b e  developed where t h e r e  is  a clear need, as determined 

by t h e  absence of a s u i t a b l e  method f o r  p r e d i c t i n g  performance wi th  adequate  

accuracy and speed. 

Task 1 . 2  Test of Heat Di s s ipa t ion  Methods 

This sub ta sk  encompasses t h e  work necessary  t o  prove t h e  performance 

of promising methods of h e a t  d i s s i p a t i o n  and t o  provide b a s i c  information 
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concerning promising methods of h e a t  d i s s i p a t i o n ,  whenever information of 

adequate r e l i a b i l i t y  i s  not a v a i l a b l e ,  

Task 1 . 3  Cask I n t e g r i t y  Evalua t ion  

This sub ta sk  covers  a n a l y t i c a l  and l i t e r a t u r e  survey work t o  understand 

t h e  fo rces  app l i ed  t o  a cask  s t r u c t u r e  as a r e s u l t  of impact and of thermal  

e f f e c t s .  This  work should inc lude  t h e  s e l e c t i o n  of materials ( t o  inc lude  

composition, method of manufacture,  and cond i t ion  of h e a t  t rea tment )  and 

l i m i t a t i o n s  on performance o r  a p p l i c a b i l i t y .  

should b e  concerned wi th  seals f o r  cask openings.  

A major po r t ion  of t h i s  e f f o r t  

Task 1 . 4  Cask I n t e g r i t y  Tests 

These tests should be  d i r e c t e d  toward de termina t ion  and development 

of cask components and assemblies  t h a t  can s u r v i v e  any c r e d i b l e  acc iden t .  

The minimum amount of p r o t e c t i o n  necessary  t o  provide s a t i s f a c t o r y  model 

performance should be  determined f o r  va r ious  components. 

Task 1.5 Evalua t ion  of A l t e r n a t i v e s  f o r  In t e r im  and Long-Range LMFBR Fuel  
Shipment 

A study i s  r equ i r ed  t o  determine t h e  f e a s i b i l i t y  of using t h e  same 

g e n e r a l  system f o r  t h e  t r a n s p o r t  and r e c e i p t  of f u e l s  from demonstration 

r e a c t o r s ,  e a r l y  commercial r e a c t o r s ,  and l a t e r ,  more numerous LMFBR's. 

This s tudy should b e  made i n  conjunct ion  wi th  t h e  s tudy  of r ece iv ing  

systems app l i cab le  t o  i n t e r i m  process ing  f a c i l i t i e s  (Task 2 .2 )  and wi th  

gene ra l  s t u d i e s  of i n t e r i m  process ing .  An eva lua t ion  should be  made of 

va r ious  sh ipping  systems t h a t  may become at t ract ive as more i s  learned  

about hea t  d i s s i p a t i o n ,  cask i n t e g r i t y ,  and f u e l  c h a r a c t e r i s t i c s .  

Task 1 . 6  Fuel  Transfer ,  Fue l  Support ,  and Miscellaneous Components 
Development 

There are numerous problems dea l ing  wi th  t h e  methods t o  be  used 

f o r  t r a n s f e r  of f u e l  i n t o  and o u t  of a cask,  suppor t  of t h e  f u e l  i n  t h e  

cask,  accommodation of coolan t  volume v a r i a t i o n ,  and f o r  t e s t i n g  t o  

ensure  t h a t  t h e  f u e l  c a v i t y  i s  sea l ed .  Work along t h e s e  l i n e s ,  of as 

gene ra l  a n a t u r e  as w i l l  b e  u s e f u l ,  should be  c a r r i e d  out  under t h i s  sub- 

t a sk .  



Task 1 . 7  Economic S t u d i e s  

The work performed under t h i s  sub ta sk  should provide t h e  b a s i s  f o r  

t h e  d i r e c t i o n  of t h a t  p o r t i o n  of t h e  t o t a l  t a s k  e f f o r t  which i s  a f f e c t e d  

by economic cons ide ra t ions .  Economic, o r  c o s t ,  s t u d i e s  should be  made 

i n  conjunct ion  wi th  Tasks 1 .5  and 1.8. 

Task 1.8 Pre l iminary  Design of a Pro to type  Cask 

The g o a l  of t h i s  t a s k  i s  t o  improve t h e  economics and s a f e t y  of 

LMFBR f u e l  shipment. The degree of success  i n  t h i s  e f f o r t  can be  adjudged 

only by eva lua t ion  of a sh ipping  system designed f o r  a p a r t i c u l a r  set of 

cond i t ions  and us ing  a l l  a v a i l a b l e  information.  This  sub ta sk  inc ludes  

t h e  p repa ra t ion  of pre l iminary  des igns  f o r  sh ipping  s y s t e m s  t o  be  used 

during t h e  in t e r im  process ing  per iod  and f o r  l a rge - sca l e  process ing .  

5.2 Receiving and Storage  - Task 2 

This sub ta sk  is  concerned wi th  t h e  means f o r  r a p i d ,  e f f e c t i v e ,  economi- 

ca l ,  and s a f e  ope ra t ion  of r ece iv ing  and s t o r a g e  f a c i l i t i e s  f o r  LMFBR f u e l s .  

The c h a r a c t e r  of t h e  work t o  b e  performed under t h i s  sub ta sk  w i l l  be  de t e r -  

mined l a r g e l y  by t h e  outcome of i n v e s t i g a t i o n s  performed f o r  t h e  sh ipping  

and f o r  t h e  head-end process ing  t a s k s .  Conversely,  t h e s e  o t h e r  two t a s k s  

w i l l  be  r equ i r ed  t o  t a k e  i n t o  cons ide ra t ion  t h e  e f f e c t  of v a r i a b l e s  i n  

t h e i r  areas on t h e  t a s k  of r ece iv ing  and s to rage .  This  work should t ake  

cognizance of r e l a t e d  work on f u e l  handl ing and sodium removal t o  be  

performed under Elements 3 and 5 ,  r e s p e c t i v e l y ,  of t h e  LMFBR Program Plan.  

The process  op t ions  are depic ted  i n  F ig .  5.4. A l o g i c  diagram of 

t h e  proposed work is  g iven  i n  Fig.  5 .5 ,  and a proposed schedule  of ac t iv -  

i t i e s  i s  shown i n  F ig .  5.6. 

Task 2.1 L ia i son  wi th  Elements 3 and 5 

This sub ta sk  involves  main ta in ing  l i a i s o n  wi th  o t h e r  o rgan iza t ions  

doing work on f u e l  handl ing and sodium removal. The o b j e c t i v e  i s  t o  make 

f u l l  use of a l l  a v a i l a b l e  informat ion  i n  t h i s  f i e l d .  
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CONSIDER OTHER MEANS OF STORAGE 
DAMAG I EJG (LEAD, SODIUM, GAS, OTHER) 

DETERMINE EFFECT OF 
SODIUM LOGGING STUDY E X I S T I N G  MEANS DEVELOP RAP I D  MEANS 

FOR SODIUM REMOYAL FOR RECEIVIEJG AND STORAGE ON WATER STORAGE 
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’ I  DEVELOP CASK R E C E I V I N G  CONTAMINATION COIJTROL SYSTEM 

INFORMATION FROM TASK 1 

Fig. 5.5. Logic Diagram for Task 2.  
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Fig. 5.6. Schedule of A c t i v i t i e s  f o r  Task 2. 



Task 2.2 Evaluat ion of t h e  Various P o t e n t i a l  Means of Fuel  S t o r a E  

The va r ious  methods of f u e l  s t o r a g e  t o  be eva lua ted  inc lude ,  b u t  are 

n o t  n e c e s s a r i l y  l i m i t e d  to :  (1) underwater s t o r a g e ,  ( 2 )  s t o r a g e  i n  an 

i n e r t  g a s - f i l l e d  c e l l ,  (3) s t o r a g e  i n  an " i n e r t "  l i q u i d  (metal  or other-  

wise) ,  and ( 4 )  s t o r a g e  i n  sodium. The r e l a t i v e  merits of t h e  va r ious  

methods, from t h e  p o i n t  of view of o p e r a t i o n a l  f e a s i b i l i t y  and t o t a l  

es t imated  c o s t ,  should be  assessed .  

Task 2 . 3  Storage  Method Tests 

It  w i l l  l i k e l y  b e  necessary  t o  perform scout ing  tests t o  en la rge  t h e  

scope of information on more promising s t o r a g e  methods, as t h e  a v a i l a b l e  

information probably w i l l  prove t o  b e  inadequate  f o r  use i n  des ign  of an 

ope ra t ing  f a c i l i t y .  The work t o  b e  performed under t h i s  sub ta sk  is  t o  

provide t h e  informat ion  t h a t  an a rch i t ec t - eng inee r  would need to proper ly  

des ign  a f a c i l i t y  us ing  t h e  most a t t r a c t i v e  method(s).  

Task 2.4 Bench-Scale Components Development 

Many of t h e  i t e m s  necessary  f o r  t h e  handl ing and s t o r a g e  of f u e l  w i l l  

be  developed under Task 1 of t h i s  program p lan  o r  under Element 3 of t h e  

LMFBR Program Plan. This  sub ta sk  covers  t h e  development of those  i t e m s  

n o t  being developed under t h e s e  o t h e r  t a s k  areas. 

Task 2.5 Sodium Removal Development 

This  sub ta sk  involves  s c a l i n g  up, and poss ib ly  expanding upon the  

work on sodium removal being performed under Element 5 of t h e  LMFBR Program 

Plan. Methods w i l l  be  developed under Element 5 (Sodium Technology) f o r  

c leaning  f u e l  removed from t h e  r e a c t o r  as r equ i r ed  f o r  t h e  i n s p e c t i o n  of 

f u e l  subassemblies  and 'specimens exposed i n  r e a c t o r  loops.  These proce- 

dures  w i l l  b e  d i r e c t e d  gene ra l ly  toward smaller-scale and lower product ion 

rates than w i l l  be  accep tab le  f o r  a chemical process ing  f a c i l i t y .  The 

work c a r r i e d  ou t  under t h i s  subtask  should expand upon t h e  work c a r r i e d  

o u t  under Element 5 t o  develop equipment and methods f o r  sodium removal 

t h a t  can meet t h e  p e c u l i a r  needs of t h e  chemical processor .  



Task 2.6 Short-  and Long-Term F a c i l i t y  Requirements 

I n  t h i s  s u b t a s k  a de te rmina t ion  should b e  made of requirements  f o r  

t h e  equipment and f a c i l i t i e s  needed f o r  i n t e r i m  and long-range r e c e i p t  

and s t o r a g e  of f u e l  as i n d i c a t e d  by t h e  ou tpu t  of Tasks 1 and 3 .  This  

sub ta sk  is  a p a r t  of a l a r g e r  e f f o r t  i nvo lv ing  e v a l u a t i o n  of conceptual  

des igns  f o r  t h e  i n t e r i m  and long-range p rocess ing  systems. It invo lves  a 

de te rmina t ion  and weighing of t h e  v a r i o u s  c o n s i d e r a t i o n s  t o  b e  s a t i s f i e d  

i n  t h e  des ign  of t h e  two systems.  

Task 2 .7  P re l imina ry  Designs 

This  s u b t a s k  i n v o l v e s  t h e  p r e p a r a t i o n  of a p re l imina ry  ( o r  conceptual)  

design f o r  b o t h  t h e  i n t e r i m  and long-range f a c i l i t i e s  based upon t h e  i n f o r -  

mation accumulated i n  t h e  o t h e r  s u b t a s k s .  

t o  p r e s e n t  an o u t l i n e  of t h e  d e s i r e d  makeup of t h e s e  two f a c i l i t i e s  and 

should n o t  a t t empt  t o  p r e s e n t  t h e  b a s i s  f o r  a c o n s t r u c t i o n  p r o j e c t .  

The des ign  should at tempt  only 

5.3 Head-End P rocess ing  - Task 3 

The o b j e c t i v e  of Task 3 i s  t o  develop,  e v a l u a t e ,  and provide design 

d a t a  f o r  f e a s i b l e  head-end p rocess ing  s t e p s  by which s h o r t -  and long- 

decayed LMFBR f u e l s  can b e  recovered using aqueous processing methods. 

The p r i n c i p a l  p rocess ing  s t e p s  and a l t e r n a t i v e s  t o  b e  developed and 

eva lua ted  i n  t h i s  t a s k  are p resen ted  i n  F i g .  5.7. A l o g i c  diagram of 

t h e  proposed work i s  g iven  i n  F i g .  5.8, and a schedule  of a c t i v i t i e s  i s  

shown i n  F ig .  5.9. 

The Task 3 program i n c l u d e s  a broad chemical and eng inee r ing  a n a l y s i s  

of t h e  v a r i o u s  a s p e c t s  of t h e  head-end s t e p s  and a l t e r n a t i v e s  t o  d e f i n e  

t h e  most promising p a t h s .  This  s tudy  would b e  a p p r o p r i a t e l y  followed by 

bench- and eng inee r ing - sca l e  expe r imen ta l  work t o  o b t a i n  processing d a t a  

f o r  t h e  scale-up and t e s t i n g  of r e l i a b l e  equipment components necessary 

f o r  t h e  des ign  and o p e r a t i o n  of commercial p rocess ing  equipment. 
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3.1 
OECAV MEAT ORNL DWG 69-14159 
-I - . 
DISSIPATIoN DETERMINE AMOUNT OF HEAT *DETECttItIE T l ? A t E w  HEAT REMOVAL METllODS 

EVALUATION AND TEST a EVALUATION AND TEST 
PEP PROCESS STEP PER PROCESS STEP 

COOLING M E O I L  
E V A L U A T I O N  b TEST 
PEP. PROCESS STEP PER PROCESS STER 

EVALUATION G TEST 

DECAY T l t4E 11tEIRATE R E L A T I O N S H I  CONOUC T I ON CONVECT 1 oti INERT GAS 
INERT F L U I D S  \ 
IIATER 

FORCED 
NATURAL \ 

\ 
NOTE: Tl lE D E S I G N  OF PRESENT A l l 0  OllCOMltlG FUELS, ~I I IETI IEI !  

VENTEO, SODIUM LOGGED, OR SODIUM DOtIDEO, W I L L  BE 
FACTORED I t I T O  A L L  PIIASES OF Tl lESE STUDIES.  

I l l V E S T l G A T l O N  W I L L  INFLUENCE AN0 MAY CAUSE CHANCES 
AND/OR .RECYCLE OF A N I  I N V E S T I G A T I O N A L  PHASE, 
AFFECTS C R I T I C A L I T Y  EOUIPMENT S T U O l E s  S I Z I t 4 C ,  (TASK SHAPE, 1 2 )  AMOUNT OF MATERIAL 

TRANSFERRED DETbIEEtI PROCESS STEPS A P P L I E S  TO A L L  
LMFOR FUELS. 

D A S I C  PROCESS STEPS: 

INFORMAT I O N  ACOUl REO I N  PREL lEl l  NARY AN0 Gcrl-GOI NG 

CROPPING 
OECANN I NG 
OESIIROUD I N G  
D I S S E C T I O N  
S I N G U L A R I Z A T I O N  
SIIEAR FEEDER 
SllEAR 
INTER-OPERAT IONAL 

TRANSPORTS 

FQ- \ 
\ 
\ 
\ 
\ 
\ 
\ 

DETERMINE OFF-GAS PROJDLEH MAGNITUDE- 
E V A L U A T I O N  G TEST 

\ 
\ 

PER PROCESS STEP 
toHPOslTION )AS A FUI ICTION 

3.4 AMOIJNT 
lSOL4TlOM OF O F F - 6 4 s  ENERGY L E V E L  OF OECAY 'IME 
W D  P l R T l C U L l T E S  41 
STAGE, IMTERST4GE. 
YATFc:4L TR4NSWRT 

I SOLAT ION: S T A G E l  ! NTERSTAGE DEVICES 
\ 

DESHROUDING, DISSECTING,  - EVALUATION G TEST 
DE TERM I I IE ME TtIOOS 

INFORMATION FROM OECANNING, 

(CUTTER AND CHOPPER OPERATIONS) 
I 

I 

COMPOSITION 
S I Z E  O l S T R l B U T l O N  
R A O I A T I O N  ENERGY L E V E L  I 

I 
\ \ 

\ 
A I R  LOCKS 
V A L V  I NG 

HOOOS 
\ 

\ / 

INTERSTAGE M A T E R I A L  TRANSPORT , , 

I E V A L U A T I O N  6 TEST 
PER ~ ~ R O C E S S  STEP 
AMOUNT,TYPE, D E S T I N A T I O N  

OF PROCESS MATERIAL 
HETHOOS 

CONVEYOR 
VIBRATOR 
R F I  T 

1 

_ _ _  
I S  BATCH 
SODlUY 

\ 1  

\ 
O E C I S I O H  TO CONTINUE 

PROCESS NO.; r FAVORED METIIOOI 

ALTERNATES 
2 AND 3 

H4MDLlNG 
SODIUM D I S P O S A L  - _ _  DETERMINE SODIUM DISPOSAL PRODLEM MAGNITUDE 

E V A L U A T I O N  C r E S T  EVALUATION 6 TEST 
PER PROCESS STEP P F S  PROCESS STEP 
DETERMINE AMOUNT 
DETERMI NE IO01 t IE 

4CONTAMlNATION MECHANICAL REMOVAL 

CLEANING METHODS FOR F U E L  COMPONENTS C ASGrYRLIE4 
D I S T I L L A T I O N  

CHEMICAL D E A C T I V A T I O N  
WASTE I IANDLING 

NAOII STORAGE 
HYDROGEN D E A C T I V A T I O N  

COLLECTION 
STORAGE 
%ACT I V A T l  ON 
RECYCLE 

GROFS soniun DISPOSAL METHODS 

F P P a L  FO* / pro& REPORT- 3.2 
D l S Y 4 N T L l M G  O F  

PLD-TEST EQUIPMENT ' TEST AND EVALUATE E O U I P M E N T ~ ~ ~ ~ ~ ~ ~ ~ ~  TO HOT-TEST AN0 EVALUATE EQUIPMENT ~ 

DES I G N I F A B I  I N S T A L L  d.)EnU I PMENT OPERATIONAL TEST FORT'  IER INVEST I GAT I ON 
MOST FAVORED PROCESS 
AN0 SELECTED STEPS OF OPERATING PARAMETERS, AS REnUlREO 1 

D E S l G N l F A B l l N S T A L L  AND/OR 
TEST COLD EQUIPMENT TEST SERIES S I M I L A R  TO AND EVALUATION FOR IIEAR, CORROSION, 

I ALTERNATE PROCESSES AN0 E F F I C I E N C Y  

i 
I 
I 

I 
I 

I 
I 

PYROMETALLURGICAL 
(MELT OECLAD) 

PARAMETERS: 
MELT COMPOSITION 
SEPARATION AN0 MELT OF FUEL 

HEAT A N A L Y S I S  

\ 
\ 

3.7 
4 L l E R N A T I V E  

PROCESSES 

BACK-UP 
F U E L  ' SINGULAR1 Z A T I O N .  

EVALUATION b TEST 

MET1100 DEVELOPMENT 
(PRODUCES BUNDLES FOR 
M U L T I - P I N  SItEAR OR 
P I N S  FOR S I N G L E - P I N  

IES/NO 

ASSEYBLIES 
CAN REMOVAL CROPPING 

WHEN? W E N ?  SAWS 
HDW? BEFORE CAN REMOVAL? ROLL CUTTERS 

CUT AFTER CAN REMOVAL? M I L L I N G  CUTTERS FOR: 
CHOP HOW MUCH CROPPED? CUTTER WEAR 
SHEAR CUTTING RATE 

UNCANNEO: HOW MUCH OF FORCE ON CUTTER 
ASSEMBLY END REMOVED? 

~ ~ ~ ~ l : ~ c ~ t , t ~ : l S M  ~ ~ ~ ~ ~ ~ ~ ~ E ~ ~ ~ ~ ~ ~ E v ~  \, 

I 

MATERIALS OF ENGINEERING E V A W A T I Q N  
CONSTRUCTION OF SELECTED PROCESS 

PROCESS I HC, RATESILOSSES 
(TASK 3 . 4  l N V E S T I G A T l O N  

AS A P P L I C A D L E  T O  
PYROMETAiLURGICAL)  ' 

I 4 REPORT) 
C I X I V I A T I O N  
EVALUATION PARAMETERS : A N 0  

PROCESS I IYORAULICS 
CUTTING RATES 
O I S S O L U T I O N  RATES 
MATERIALS OF CONSTR 
SCALE-UP P O T E N T I A L  
(TASK 3.4 I N V E S T I G A T I O N  

AS APPLICADLE TO L I X . )  

I 
I \ 

\ 
\ 

(SAWS)-BLADE TYPE 
C M A T E R I A L  

I 
I 3.3 

SHE4RIMG 4 S l l E A R l N G  m&. ---- - \ - - - -  - _J 

\ EVALUATION C TEST 

M U L T I - P I N  
S I N G L E - P I N  
PARAMETERS MEASURED: 

ASSEMBLY '. 
BLAOE TYPE 
BLADE WEAR 
PRODUCT LENGTN-TO- 

S I Z E  FRACTIONS 
PRODUCT C A P A C I T I E S  
TYPE OF SllEAR D R I V E  
SHEAR FORCE REO'O 
CLAMPING TYPE AND 

MATERIALS OF CONSTR 
FORCES .wn*o 

SHEAR F E E 0  MECHANISM 
EVALUATION b TEST 
ASSEMBLV 
M U L T I - P I N  
S I N G L E - P I N  
METHDO DEVELOPMENT 

MECI IANICAL D R I V E  
E L E C T R I C A L  D R I V E  
HYDRAULIC D R I V E  

CLAMPING DEVICES 
MAGAZINE L O A D I N 6  

PRODUCTION CAPACITY 
DEVICES 

\ \ \ 
. 

E V A L U A T I O N  b TEST 
PER PROCESS STEP PER PROCESS STEP 

COMPACT ION ON-S I TE 
MELT I NG O F F - S I T E  

R A D I A T I O N  ENERGY LEVEL 
FROM CHEMlCAL CONTAMINATION 

LEACHERS E V A L I T E S T  
(SEE TASK 5.4) 

Fig. 5.8. Logic Diagram for Task 3. 
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3.1 DECAY HEAT DISSIPATION 

3.2 DISMANTLING OF MULTITUBULAR 
ASSEMBLIES 

3.3 SHEARING 

3.4 ISOLATION OF THE SHEARING 
OPERATION 

3.5 SODIUM HANDLING AND REMOVAL 

3.6 CONVERSION OF CLADDING AND 
INERT METAL COMPONENTS TO A 
FORM SUITABLE FOR HANDLING 

3.7 SURVEILLANCE OF ALTERNATIVE 
PROCESSES 

Fig. 5.9. 
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I 1969 I 1970 I 1971 I 1972 I 1973 I 1974 

Schedule of A c t i v i t i e s  f o r  Task 3. 



Task 3 . 1  Decay Heat Di s s ipa t ion  During Mechanical Processing 

This t a s k  involves  an a n a l y s i s  of t h e  h e a t  release from a broad 

spectrum of LMFBR f u e l s ,  such as t h e  FFTF, GE,  A I ,  and follow-on s tudy  

f u e l s ,  and t h e  d e f i n i t i o n  and i n v e s t i g a t i o n  of t h e  processing l i m i t a t i o n s  

and requirements imposed by h e a t  emission.  

One of t h e  purposes of t h e  h e a t  t r a n s f e r  a n a l y s i s  i s  t o  develop 

c r i t e r i a  f o r  determining t h e  cond i t ions  under which a u x i l i a r y  cool ing 

w i l l  b e  r equ i r ed  f o r  each of t h e  head-end s t e p s .  The a n a l y s i s  f o r  each 

s t e p  can c o n s i s t  of as many as t h r e e  o r  more p a r t s .  F i r s t ,  t h e  s teady-  

s ta te  temperatures  of t h e  i n t a c t  bundle  o r  a r r a y  of f u e l  rods of i n t e r e s t  

are found f o r  t h e  range of h e a t  ou tputs  of concern.  Second, i f  t h e  

s t eady- s t a t e  c a l c u l a t i o n s  show t h a t  t h e  m a x i m u m  al lowable cladding t e m -  

p e r a t u r e  of any rod (o r  p i n ) i s  exceeded, t r a n s i e n t  c a l c u l a t i o n s  are made 

t o  determine t h e  p o s s i b i l i t y  of ca r ry ing  ou t  t h e  ope ra t ion  i n  a s a f e  

t i m e .  Third,  i f  a u x i l i a r y  cool ing  i s  necessary ,  requirements  such as 

rate of flow of cool ing  gas  can b e  f ixed .  The r e s u l t s  of t h e  ca lcu la-  

t i o n s  w i l l  n e c e s s a r i l y  b e  dependent upon t h e  geometr ica l  c h a r a c t e r i s t i c s  

of t h e  a r r a y ,  phys i ca l  p r o p e r t i e s  of t h e  f u e l  and c ladding ,  and t h e  

s p e c i f i c  h e a t  gene ra t ion  rate (kw/f t )  of t h e  f u e l  rods .  Geometrical  

c h a r a c t e r i s t i c s  of an a r r a y  inc lude  t h e  number of rods ,  i t s  shape 

( c i r c u l a r ,  hexagonal,  o r  squa re ) ,  t h e  spacing of f u e l  rods 

o r  t r i a n g u l a r ) ,  pitch-to-diameter r a t i o ,  and t h e  l eng th  and diameter  

of fuel rods. 

( r ec t angu la r  

The h e a t  d i s s i p a t i o n  ana lyses  would inc lude  decanning, cropping, 

deshrouding, d i s s e c t i o n ,  s i n g u l a r i z a t i o n ,  shea r ing ,  and t h e  a l t e r n a t i v e  

head-end methods. The approach taken would b e  s i m i l a r  t o  t h a t  i l l u s -  

t r a t e d  i n  Sec t .  4 . 3 . 2  b u t  supplemented wi th  more s o p h i s t i c a t e d  mathe- 

matical techniques as new r e a c t o r  des ign  d a t a  become a v a i l a b l e .  

a d d i t i o n ,  c u r r e n t  c a l c u l a t i o n s  involve assumptions such as e m i s s i v i t i e s ,  

convect ive h e a t - t r a n s f e r  c o e f f i c i e n t s ,  e tc . ,  which must be  confirmed 

expe r imen ta l ly . to  e s t a b l i s h  t h e  v a l i d i t y  of t h e  c a l c u l a t i o n s .  

program develops,  a new three-dimensional computer code would be  d e s i r a b l e  

t o  r ep lace  t h e  p r e s e n t  two-dimensional codes. 

I n  

As t h e  

This  new r o u t i n e  would 
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permit  t h e  c a l c u l a t i o n  of s t e a d y - s t a t e  and t r a n s i e n t  temperature  pro- 

f i l e s  f o r  nonuniform h e a t  f l u x e s  i n  t h e  ax ia l  and r a d i a l  d i r e c t i o n s  f o r  

a l l  LMFBR f u e l  geometr ies .  

Task 3 . 2  Dismantling of Mul t i t ubu la r  Assemblies 

The o b j e c t i v e s  of t h i s  t a s k  are t o  s tudy  and t o  analyze t h e  

mechanical ope ra t ions  and equipment requirements  involved i n  t h e  d i s -  

mant l ing of LMFBR f u e l  i n  p r e p a r a t i o n  f o r  t h e  shear ing  s t e p  o r  o t h e r  

head-end ope ra t ions .  This  t a s k  i s  very important  because many of t h e  

downstream process ing  s t e p  * opt ions  being considered r e q u i r e  dismantled 

f u e l .  

Some of t h e  p r i n c i p a l  mechanical ope ra t ions  t o  b e  considered a r e  

cropping, deshrouding, d i s s e c t i o n ,  s i n g u l a r i z a t i o n ,  and shea r ing .  The 

program would inc lude  t h e  i n v e s t i g a t i o n ,  development, eva lua t ion ,  

f e a s i b i l i t y  of scale-up,  and des ign  d a t a  necessary  f o r  commercial 

a p p l i c a t i o n s .  Deshrouding may become a very important  s t e p  i n  t h e  

recovery of LMFBR f u e l .  Shroud removal is  necessary  f o r  s i n g l e  and 

mul t i rod  process ing  and e l imina te s  t h e  p o s s i b i l i t y  of sheared  product 

jamming i n  t h e  d ischarge  chute  of t h e  shea r .  

Task 3 . 3  Shearing 

This  t a s k  would encompass a program t o  e s t a b l i s h  t h e  f e a s i b i l i t y  of 

shea r ing  s p e n t  f u e l  as cropped assemblies  i n  a canned o r  uncanned condi- 

t i o n ,  as mul t i rod  a r r a y s  o r  as s i n g l e  rods .  Th i s  important  t a s k  would 

a l s o  inc lude  a s tudy  of process  v a r i a b l e s ,  equipment requirements  and 

l imi t a t ions , and  t h e  des ign  and eva lua t ion  of t h e  r equ i r ed  shear ing  

mechanisms. 

S u b s t a n t i a l  q u a n t i t i e s  of p ro to type  f u e l  of t h e  proper  p h y s i c a l  

dimensions and geometr ic  c h a r a c t e r i s t i c s  r e p r e s e n t a t i v e  of a l l  LMFBR f u e l s  

w i l l  be  necessary  t o  accomplish t h e  program o b j e c t i v e s .  This  would involve  

t h e  des ign  and procurement of pro to type  assemblies  wi th  t h e  c h a r a c t e r i s t i c s  

of r e a c t o r  f u e l  b u t  much cheaper i n  c o s t .  



Task 3 . 4  I s o l a t i o n  of t h e  Shearing Operat ion 

The o b j e c t i v e s  of t h i s  t a s k  are t o  s tudy ,  t o  e v a l u a t e ,  and t o  e s t a b l i s h  

t h e  f e a s i b i l i t y  of s e a l i n g  o f f  t h e  shea r  wh i l e  f u e l  is  being sheared.  The 

primary purpose of i s o l a t i n g  t h e  shear ing  ope ra t ion  is  t o  conf ine  p a r t i c -  

u l a t e  

mental  q u a n t i t i e s  of atmospheric gas  from leaking  i n t o  i t .  Outleakage 

would contaminate t h e  h o t - c e l l  f a c i l i t y ,  c o n t r i b u t e  t o  f u e l  l o s s e s ,  and 

i n t e r f e r e  wi th  t h e  feeding ope ra t ions  and vo lox id ize r  s t e p .  Uncontrol led 

in leakage  would i n t e r f e r e  i n  t h e  removal and c o l l e c t i o n  of f i s s i o n  gases  

evolved during shea r ing .  

matter and f i s s i o n  gases  w i t h i n  t h e  shea r  whi le  prevent ing d e t r i -  

The t a s k  would encompass an a n a l y s i s  of va lv ing  and s e a l i n g  mechanisms 

and techniques t h a t  would allow t h e  passage of unsheared f u e l  i n  i t s  va r ious  

forms and t h e  d ischarge  of sheared  f u e l  e i t h e r  as chunks o r  d i s c r e t e  p i eces .  

Se l ec t ed  mechanisms would be  designed and t e s t e d ,  and t h e i r  performance would 

be  v e r i f i e d  i n  u n i t s  capable  of being s c a l e d  up t o  f u l l  contemporary and 

f u t u r e  p l a n t  requirements.  

Task 3.5 Sodium Handling and Removal 

The o b j e c t i v e s  of t h i s  t a s k  are  (1) t o  e s t a b l i s h  and d e f i n e  t h e  

requirements and r e s t r i c t i o n s  imposed on t h e  head-end processing s t e p s  and 

equipment by canned o r  uncanned f u e l s  t h a t  are bonded o r  logged i n t e r n a l l y  

wi th  sodium and s o i l e d  by e x t e r n a l  adherent  sodium, and (2) t o  provide a 

p r a c t i c a l  conceptua l  des ign  of h o t - c e l l  equipment f o r  d e a c t i v a t i n g  and 

removing sodium d e a c t i v a t i o n  products  from i n t a c t  and f a i l e d  spent f u e l  

rods and subassemblies .  

The sodium c leaning  o r  removal concept must be  s u f f i c i e n t l y  v e r s a t i l e  

t o  permit  r ap id  mechanical and chemical processing of small  amounts of 

sodium, as w e l l  as g r o s s  amounts of sodium i n  which f u e l  may be  immersed 

during sh ipping  and s to rage .  

i n  c leaning  f u e l  specimens t o  be sub jec t ed  t o  m e t a l l u r g i c a l  examination. 

Such a method may no t  n e c e s s a r i l y  be  u s e f u l  

The scope of t h e  program would inc lude  a comprehensive s tudy and an 

a n a l y s i s  of e x i s t i n g  d a t a  and exper ience ,  t o  d a t e ,  wi th  regard t o  sodium 

removal methods, i nc lud ing  methods such as those  used i n  NaK d e a c t i v a t i o n  
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and d i sposa l .  I n  t h e  a n a l y s i s ,  a v a i l a b l e  informat ion  from OWL, t h e  EBR I1 

ope ra t ion ,  Atomics I n t e r n a t i o n a l ,  PNL, ICPP, BNL, Savannah River ,  ANL, and 

t h e  LMEC would be  examined. 

would b e  approached by: (1) a w e t  method involv ing  t h e  use of mois ture  i n  

an i n e r t  c a r r i e r  gas ,  and (2 )  a d ry  method u t i l i z i n g  an i n e r t  carrier o r  

sweep gas and s u f f i c i e n t  hea t  t o  slowly v o l a t i l i z e  sodium (but  n o t  s u f f i -  

c i e n t  t o  cause s e n s i t i z a t i o n ) .  The a n a l y s i s  would inc lude  a l l  of t h e  

a spec t s  of t h e  s a f e  handl ing ,  removal, and d i s p o s a l  of  sodium, as w e l l  as 

o t h e r  l i q u i d  metals, coo lan t s ,  o r  l i q u i d s .  Sodium would be  considered 

f i r s t ;  t hen ,  o t h e r  materials would b e  considered as t h e i r  p o s s i b l e  usage 

becomes important .  

The s o l u t i o n  t o  t h e  sodium d e a c t i v a t i o n  problem 

The scope of t h e  program would a l s o  inc lude  some scoping-type, bench- 

scale experiments (o r  t e s t s )  t o  v e r i f y  sodium removal parameters and t h e  

conceptual  des ign  of t h e  h o t - c e l l  equipment. I n  a d d i t i o n ,  i .ntermediate 

and l a r g e r - s c a l e  experiments would be  made, as r equ i r ed ,  t o  supplement 

t h e  programs a t  PNL, HFEF, and t h e  LMEC; however, t h e s e  experiments 

would b e  designed t o  meet t h e  needs p e c u l i a r  t o  t h e  head-end processing 

s t e p s .  

A r ecen t  scoping type  of survey of t h e  s ta te -of - the-ar t  l i t e r a t u r e  

on sodium d e a c t i v a t i o n  and d i s p o s a l  shows a l a c k  of chemical and mechanical 

technology f o r  dea l ing  wi th  sodium l o c a t e d  i n s i d e  and o u t s i d e  f u e l  rods o r  

assemblies .  Thus w e  p l an  t o  d i r e c t  our  a t t e n t i o n  t o  t h e s e  areas, b u t  only 

as they uniquely apply t o  head-end technology. 

Task 3 . 6  Conversion of Cladding and I n e r t  Metal Components t o  a Form 
S u i t a b l e  f o r  Handling 

The o b j e c t i v e s  of t h i s  t a s k  are t o  s tudy  and t o  d e f i n e  f e a s i b l e  methods 

f o r  convert ing t h e  i n e r t  waste metal genera ted  during t h e  process ing  s t e p s  

t o  a form more amenable f o r  handl ing and f o r  waste d i sposa l .  The conver- 

s i o n  s t e p  would inc lude  an a n a l y s i s  and eva lua t ion  of methods such as 

mel t ing ,  compaction, e tc . ,  t o  reduce t h e  cans,  end adap te r s ,  g r i d s ,  h u l l s ,  

w i r e  space r s ,  and r e f l e c t o r  rods t o  a minimal p r a c t i c a l  volume. 

The i n i t i a l  p a r t  of t h e  experimental  program can probably b e  accom- 

p l i s h e d  by c o n s u l t a t i o n  wi th  commercial sources  versed  i n  metal r educ t ion  



methods. However, once a t t r a c t i v e  methods are def ined ,  small-scale  work 

wi th  u n i r r a d i a t e d  and i r r a d i a t e d  materials would b e  needed t o  determine 

t h e  e x t e n t  of off-gas  and s lagging  problems. Also,  c a l c u l a t i o n s  of  t h e  

induced a c t i v i t y  would b e  r equ i r ed  ( s e e  Sec t .  3) t o  determine h.eating 

e f f e c t s  and s h i e l d  th i cknesses  of sh ipping  con ta ine r s  f o r  t h e  d i s p o s a l  

of t h e  t r e a t e d  material. 

Task 3.7 Surve i l l ance  of A l t e r n a t i v e  Processes  

The o b j e c t i v e  of t h i s  t a s k  i s  t o  p e r i o d i c a l l y  survey t h e  develop- 

mental  p rogress  of head-end s t e p s ,  o t h e r  than  mechanical,  t h a t  would b e  

u s e f u l  i n  recover ing  LMFBR f u e l .  The principal head-end processes  of 

i n t e r e s t  are: 

(1) Molten metal decladding - ANL, EURATOM 

(2) Melt decladding - ANL, Russian 

( 3 )  E l e c t r o l y t i c  - Savannah River ,  ICPP 

(4) E l e c t r o l y t i c - l i x i v i a t i o n  - Eurochemic 

The purpose i n  main ta in ing  an i n t e r e s t  i n  t h e  processes  j u s t  enumer- 

a t e d  i s  t o  provide appropr i a t e  backup methods i n  t h e  event  t h a t  unfore- 

seen  obs t ac l e s  appear  i n  t h e  mechanical head-end. 

5.4 V o l a t i l e  F i s s i o n  Product Removal - Task 4 

The o b j e c t i v e  of Task 4 i s  t o  develop an economic head-end proc- 

e s s ing  method t h a t  w i l l  v o l a t i l i z e  f i s s i o n  product  gases  ( iod ine ,  xenon, 

krypton,  and t r i t i u m )  from f u e l  p r i o r  t o  t h e  aqueous recovery s t e p s .  

This  i s  an important  t a s k  r equ i r ing  t h e  development and pioneering of 

a new technology. 

The problem areas t h a t  would be  i n v e s t i g a t e d  are presented  as 

process  opt ions  i n  F ig .  5.10 and as a l o g i c  diagram i n  F ig .  5.11. A 

schedule  of a c t i v i t i e s  i s  presented  i n  F ig .  5.12. F i r s t ,  i t  i s  planned 

t o  i n v e s t i g a t e  t h e  b a s i c  chemistry of t h e  mechanisms c o n t r o l l i n g  t h e  

release of f i s s i o n  product  gases .  

i r r a d i a t e d  f u e l  types  (oxide,  ca rb ide ,  n i t r i d e )  and uranium-to-plutonium 

This  would inc lude  a wide v a r i e t y  of 
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r a t i o s .  Second, as t h e  chemistry i s  developed wi th  u n i r r a d i a t e d  and 

i r r a d i a t e d  f u e l  on a bench scale,  small equipment components of va r ious  

s u i t a b l e  des igns  would b e  eva lua ted  wi th  u n i r r a d i a t e d  f u e l s .  Later ,  as 

promising types  of equipment emerge, tests on an engineer ing s c a l e  would 

b e  d e s i r a b l e  wi th  u n i r r a d i a t e d  s tand- in  f u e l s .  These tests would 

l o g i c a l l y  be  followed by conf i rmat ion  tests made wi th  i r r a d i a t e d  f u e l  

as i t  becomes a v a i l a b l e .  

Task 4 .1  I n v e s t i n a t i o n  of Basic Chemistrv 

The purpose of  t h i s  t a s k  is  t o  develop d a t a  on t h e  b a s i c  chemical 

mechanisms c o n t r o l l i n g  t h e  release of f i s s i o n  product  gases .  This  would 

inc lude  an i n v e s t i g a t i o n  of t h e  r e a c t i o n  k i n e t i c s  i n  an ox ida t ive  atmos- 

phere and t h e  e f f e c t  of an oxida t ion- reduct ion  cyc le  on t h e  release of 

f i s s i o n  product gases .  I n i t i a l  s t u d i e s  would be  performed wi th  s i n g l e  

p e l l e t s  of u n i r r a d i a t e d  UO PuO and wi th  UO 2- CeO 2 as a p o s s i b l e  s tand-  

i n  f o r  uran ia-p lu tonia .  Thermogravimetric s t u d i e s  would g ive  rate d a t a  

on t h e  conversion of UO t o  U 0 and d e l i n e a t e  t h e  importance of 

crushing as an a i d  t o  ox ida t ion .  A range of p e l l e t  compositions would 

be  i n v e s t i g a t e d ,  f o r  example, 10 ,  15 ,  20, and 25% p lu ton ia .  

2- 2 

2 3 8  

The c o n t r o l l a b l e  parameters  i n  such a s tudy would be  t h e  temperature ,  

res idence  t i m e ,  sheared  f u e l  l e n g t h ,  oxygen conten t  of t h e  sweep g a s ,  gas  

v e l o c i t y ,  and u l t i m a t e l y  t h e  f u e l  burnup. 

gases  from i r r a d i a t e d  U02-Pu02 p e l l e t s  should a l s o  b e  s t u d i e d  i n  an i n e r t  

atmosphere. 

The release of  f i s s i o n  product  

Task 4.2 E f f e c t  of Coolant o r  Bonding Agents Such as Sodium 

This t a s k  i s  very important  s i n c e  t h e  presence  of sodium during 

I f  ox ida t ive  h e a t  f i s s i o n  product  gas  release i s  an  unknown f a c t o r .  

t rea tment  i s  r equ i r ed  f o r  gas  e v o l u t i o n ,  t h e  s a f e  d e s t r u c t i o n  of sodium 

a t  these  cond i t ions  would need t o  b e  measured over  a range of tempera- 

t u r e s .  This  would a l s o  i n c l u d e  a de te rmina t ion  of t h e  competing s i d e  

r e a c t i o n s  of sodium, such as wi th  iod ine .  S imi l a r ly ,  i f  an i n e r t  atmos- 

phere i s  used i n  conjunct ion  wi th  h e a t  t r ea tmen t ,  t h e  iod ine  may r e a c t  

almost exc lus ive ly  wi th  sodium ( i n  t h e  absence of 0 ) and be c a r r i e d  as 2 
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a s o l i d  downstream t o  t h e  aqueous recovery s t e p s .  Resu l t s  of such 

e f f e c t s  would have t o  be  measured, and t h e  v a r i o u s  r e a c t i o n s  would have 

t o  b e  determined, e s p e c i a l l y  i n  t h e  vapor phase. 

Sodium may a l s o  i n t e r a c t  w i t h  s t a i n l e s s  s tee l  s u r f a c e s  t o  produce 

t h i n  f i lms  t h a t  are e a s i l y  corroded i n  t h e  subsequent n i t r i c  a c i d  disso-  

l u t i o n  s t e p .  These e f f e c t s ,  a long wi th  t h e  p o s s i b l e  de t r imen ta l  e f f e c t s  

of t h e  co r ros ion  products  (and N a  0) downstream i n  t h e  s o l v e n t  e x t r a c t i o n  

c o n t a c t o r s ,  w i l l  have t o  b e  determined exper imenta l ly .  
2 

Task 4 . 3  S e n s i t i z a t i o n  of  t h e  I n e r t  Metal Components of Fuel, and Other 
Process ing  E f f e c t s  

The o b j e c t i v e  of t h i s  t a s k  i s  twofold: 

1. To determine whether t h e  s t a i n l e s s  s t e e l h u l l s ,  space r s ,  and 

g r i d s ,  and n i c k e l  r e f l e c t o r  rods are s u f f i c i e n t l y  s e n s i t i z e d  

by t h e  o x i d a t i v e  ( o r  i n e r t  gas)  h e a t  t rea tment  of t h e  voloxi- 

d i z e r  t o  b e  a t t acked  apprec iab ly  by n i t r i c  a c i d  d i s s o l v e n t ,  

t hus  i n c u r r i n g  a s i g n i f i c a n t  waste pena l ty .  

2 .  To d e f i n e  t h e  l i m i t a t i o n s  and r e s t r i c t i o n s  t h a t  are imposed on 

t h e  process  i f  t h e  ope ra t ing  cond i t ions  are such t h a t  t h e  

s t a i n l e s s  steel  components are prevented from becoming s e n s i t i z e d .  

A s tudy  w i l l  b e  made of t h i s  problem i n i t i a l l y  on a ba tch  scale wi th  

co r ros ion  coupons. L a t e r ,  as equipment (ba tch ,  r o t a r y ,  t r a y ,  etc.)  i s  

developed, tests w i l l  b e  made on a l a r g e r  (engineer ing)  s c a l e .  T e s t s  

w i l l  b e  r equ i r ed  i n  bo th  s i t u a t i o n s  i n  t h e  presence  and absence of sodium. 

Task 4 .4  S o l i d s  Handling and Transport  

This  t a s k  i s  concerned wi th  t h e  handl ing and t r a n s p o r t  of sheared 

The p r i n c i p a l  parameters  t h a t  would be f u e l  i n  t h e  vo lox ida t ion  s t e p .  

i n v e s t i g a t e d  inc lude  t h e  hea t ing  and cool ing of s o l i d s ,  f i l t e r i n g  of 

f i n e s  from t h e  off-gas  system, t h e  p o s s i b l e  s e p a r a t i o n  of s t a i n l e s s  steel  

( o r  r e s idues )  from urania-p lu tonia ,  gas  seals ,  and t h e  t r a n s p o r t  of sheared 

material through t h e  u n i t .  
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Task 4.5 Conversion of  Oncoming Fuels  ( N i t r i d e s  and Carbides) t o  Oxides 

The o b j e c t i v e  of t h i s  t a s k  is  t o  determine t h e  condi t ions  r equ i r ed  

f o r  convert ing t h e  advanced f u e l s  of urani_um-plutonium ca rb ides  and 

n i t r i d e s  t o  t h e  corresponding oxides .  There are s e v e r a l  reasons ,  p r in-  

c i p a l l y  iod ine  removal and sodium d e s t r u c t i o n ,  f o r  making the  conversion.  

Also, t h e  conversion would e l i m i n a t e  t h e  presence  of undes i rab le  o rgan ic  

molecules formed by ca rb ides  dur ing  t h e  n i t r i c  a c i d  d i s s o l u t i o n  s t e p .  

N i t r i d e s  are e a s i l y  s o l u b l e  i n  n i t r i c  a c i d ,  b u t  conversion t o  t h e  oxide 

would a l s o  s a f e l y  d e a c t i v a t e  sodium and prevent  i t  from e n t e r i n g  t h e  d i s -  

s o l u t i o n  s t e p .  

An exper imenta l  program t o  i n v e s t i g a t e  t h e  b a s i c  chemical r e a c t i o n s  

a t  var ious  uranium-teplutonium r a t i o s  and temperatures  w i l l  be  requi red .  

Equipment component development f o r  t h e  oxide  conversion s t e p  may a l s o  b e  

necessary.  However, i t  i s  l i k e l y  t h a t  equipment developed f o r  t h e  urania-  

p lu ton ia  phase change w i l l  a l s o  b e  u s e f u l  f o r  conversion of t h e  n i t r i d e s  

and ca rb ides .  

Task 4 . 6  A l t e r n a t i v e  Processes  

The purpose of t h i s  t a s k  i s  t o  provide s u i t a b l e  backup processes  f o r  

shear- leach i n  t h e  event  t h a t  unforeseen o b s t a c l e s  should arise.  Owing 

t o  t h e  n a t u r e  of t h e  vo lox ida t ion  s t e p  ( tempera ture ,  ox id iz ing  o r  i n e r t  

atmosphere, e t c . ) ,  m e l t  decladding would b e  a l o g i c a l  ex tens ion  of t h i s  

work. Some of t h e  p r i n c i p a l  parameters  t o  b e  i n v e s t i g a t e d  would inc lude  

res idence  t i m e  and temperature ,  s e p a r a t i o n  of  molten s t a i n l e s s  s tee l  from 

urania-p lu tonia ,  e f f e c t  of sodium vapor ,  and i n e r t  ve r sus  ox ida t ive  

atmosphere. 

5.5 Disso lu t ion  - Task 5 

The o b j e c t i v e  of Task 5 i s  t o  ensu re  t h a t  LMFBR f u e l s  can be  d i s so lved  

i n  n i t r i c '  a c i d  wi th  h igh  metal r ecove r i e s .  S ince  t h e  d i s s o l u t i o n  charac- 

t e r i s t i c s  of t h e  f u e l s  can vary widely,  depending on t h e i r  plutonium con- 

t e n t ,  method of p repa ra t ion ,  and i r r a d i a t i o n  h i s t o r i e s ,  ex t ens ive  leaching  
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d a t a  are needed t o  d e f i n e  t h e  e f f e c t s  of  t h e  many v a r i a b l e s .  A thorough 

understanding of i o d i n e  chemistry i n  t h e  d i s s o l v e r  system i s  needed as a 
guide f o r  provid ing  e f f e c t i v e  i o d i n e  c o n t r o l .  

The d i s s o l v e r  equipment must b e  designed and opera ted  w i t h i n  r a t h e r  

narrow l i m i t a t i o n s  imposed by c r i t i c a l i t y  c o n t r o l  and off-gas  c o n t r o l  

cons ide ra t ions .  It  appears  t h a t  s a t i s f a c t o r y  s o l u t i o n s  of t h e s e  problems 

can b e s t  b e  accomplished us ing  a continuous d i s s o l v e r ;  thus  t h i s  approach 

should b e  emphasized. 

development of equipment f o r  dependably moving t h e  sheared s t a i n l e s s  s t e e l  

h u l l s  and o t h e r  s o l i d s  through t h e  system, and development of seals f o r  

i s o l a t i n g  t h e  system t o  prevent  excess ive  in leakage  of  d i l u e n t  gases .  

Evolut ion of a s u c c e s s f u l  d i s s o l v e r  w i l l  r e q u i r e  

The process  op t ions  are presented  i n  F ig .  5.13. A l o g i c  diagram of 

t h e  proposed work i s  g iven  i n  Fig.  5.14, and a prdposed schedule  of 

a c t i v i t i e s  is  shown i n  F ig .  5.15. 

Task 5 .1  Di s so lu t ion  Data 

The rate and completeness of f u e l  d i s s o l u t i o n  should b e  determined 

f o r  a wide v a r i e t y  of oxide f u e l s  of d i f f e r e n t  compositions and prepara- 

t i o n ,  temperature ,  and i r r a d i a t i o n  h i s t o r i e s .  Data on t h e  weights  and 

compositions of t h e  l each  r e s i d u e s  and t h e  amounts of  s t a i n l e s s  s t e e l  

cladding d i s so lved  should b e  obta ined .  On a lower p r i o r i t y ,  d a t a  should 

be  obta ined  f o r  t h e  d i r e c t  l eaching  of LMFBR ca rb ide  and n i t r i d e  f u e l s  

and f o r  t h e  leaching  of t hese  f u e l s  a f t e r  a head-end t rea tment .  

Task 5.2 Iod ine  Control  

Extensive s t u d i e s  should b e  made of i o d i n e  chemistry i n  t h e  d i s s o l v e r  

system t o  i d e n t i f y  t h e  d i f f e r e n t  i o d i n e  s p e c i e s  p r e s e n t  and t o  d e f i n e  

t h e i r  behavior  under var ious  d i s s o l v e r  cond i t ions .  D i f f e r e n t  p o t e n t i a l  

methods of i od ine  c o n t r o l  i n  t h e  d i s s o l v e r  systems should be  t e s t e d  i n  

t h e  l abora to ry  and confirmed i n  h o t - c e l l  experiments.  The s u s c e p t i b i l i t y  

of t h e  dissolver-condenser  system t o  co r ros ive  a t t a c k  from v o l a t i l e  

i o d i n e  should be  examined. 
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Fig, 5.13. Process Options for Task 5. 
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Task 5.3 Fumeless Di s so lu t ion  

The use  of "fumeless d i s so lu t ion ' '  techniques should be  emphasized 

s i n c e  minimizing t h e  fume content  of t h e  off-gas  w i l l  f a c i l i t a t e  t r e a t -  

ment of t h e  gas  f o r  removal of i o d i n e  and noble  gases .  The composition 

of t h e  off-gas from t h e  dissolver-condenser  should be  determined f o r  

d i f f e r e n t  leaching  cond i t ions ,  and off-gas scrubbing methods should be  

eva lua ted .  

Task 5.4  Equipment Development and Tes t ing  

Various concepts  of continuous d i s s o l v e r s  should be  developed, and 

t h e  most promising of t h e s e  should b e  f a b r i c a t e d  and t e s t e d  wi th  sheared ,  

s imula ted  f u e l  rods .  

n a t i v e .  

and, u l t i m a t e l y ,  i n  h o t  engineer ing  tests wi th  i r r a d i a t e d  LMFBR f u e l s ,  

Batch leaching  should b e  eva lua ted  as an alter- 

The most promising d i s s o l v e r  should b e  t e s t e d  wi th  co ld  UO f u e l s  2 

Task 5.5  Dissolver  I s o l a t i o n  

A system should b e  developed f o r  i s o l a t i n g  t h e  d i s s o l v e r  from t h e  

v o l a t i l e  f i s s i o n  product  removal equipment (Task 4 ) ,  whi le  a l lowing t h e  

d ischarge  of d i s so lved  product  and empty h u l l s ,  Mechanical, l i q u i d ,  and 

o t h e r  types  of seals should b e  compared, and small-scale models t e s t e d .  

The s e l e c t e d  method should be  mocked up and f i e l d  t e s t e d .  

5.6 Feed P repa ra t ion  - Task 6 

The o b j e c t i v e  of t h i s  t a s k  is  t o  develop methods f o r  t r e a t i n g  t h e  

d i s s o l v e r  s o l u t i o n  t o  prepare  i t  f o r  s o l v e n t  e x t r a c t i o n .  This  should 

inc lude  s t u d i e s  o f :  (1) t h e  adjustment  of t h e  plutonium va lence ,  (2)  

removal of s o l i d  leach  r e s idues  from t h e  s o l u t i o n  t h a t  might i n t e r f e r e  

wi th  s o l v e n t  e x t r a c t i o n ,  and (3)  t rea tment  of t h e  s o l u t i o n  t o  remove 

iodine .  

e x t r a c t i o n  appears  necessary  t o  a l lev ia te  problems of t r e a t i n g  t h e  of f -  

gases  from t h e  s o l v e n t  e x t r a c t i o n  and subsequent process ing  ope ra t ions .  

Removal of e s s e n t i a l l y  a l l  of t h e  i o d i n e  p r i o r  t o  so lven t  
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The process  op t ions  are presented  i n  F ig .  5.16; a l o g i c  diagram of 

t h e  proposed work i s  g iven  i n  F ig .  5.17; and a proposed schedule  of 

a c t i v i t i e s  i s  shown i n  F ig .  5.18. 

Task 6 . 1  Adjustment of Plutonium Valence 

This t a s k  involves  t h e  eva lua t ion  of  d i f f e r e n t  methods f o r  a d j u s t i n g  

t h e  plutonium t o  t h e  quadr iva l en t  s ta te ,  which i s  t h e  form des i r ed  f o r  

most e f f i c i e n t  e x t r a c t i o n .  The d i f f i c u l t y  of a d j u s t i n g  t o  t h e  Pu(1V)- 

s ta te  and t h e  s t a b i l i t y  of t h e  ad jus t ed  s o l u t i o n  should be  s t u d i e d  as 

func t ions  of t h e  r a d i a t i o n  d e n s i t y  of t h e  s o l u t i o n  and i t s  i r o n  conten t .  

Task 6.2 Removal of Iod ine  

Experiments should be  made wi th  both  s imula ted  and a c t u a l  f u e l  

s o l u t i o n s  t o  develop e f f i c i e n t  methods f o r  removing i o d i n e  from t h e  

aqueous feed.  Removal e f f i c i e n c i e s  should b e  determined f o r  d i f f e r e n t  

i o d i n e  spec ie s .  

Task 6.3 Feed C l a r i f i c a t i o n  

Solvent  e x t r a c t i o n  experiments should b e  made wi th  u n c l a r i f i e d  f u e l  

s o l u t i o n s  i n  o r d e r  t o  observe t h e  phys ica l  behavior  of leach  r e s idues  i n  

t h e  e x t r a c t i o n  system. 

a t i o n  of d i f f e r e n t  types  of c l a r i f i c a t i o n  equipment should be made wi th  

a c t u a l  f u e l  r e s idues  o r  w i th  s o l i d s  of s imi la r  phys i ca l  c h a r a c t e r i s t i c s .  

I f  a need f o r  c l a r i f i c a t i o n  is  e s t a b l i s h e d ,  evalu- 

5.7 Solvent  Ex t rac t ion  - Task 7 

The o b j e c t i v e  of Task 7 i s  t o  e s t a b l i s h  t h a t  LMFBR f u e l s  can be  

processed s u c c e s s f u l l y  by s o l v e n t  e x t r a c t i o n  methods. I n i t i a l  emphasis 

should be on t h e  development of s o l v e n t  e x t r a c t i o n  f lowsheets  s u i t a b l e  

f o r  i n t e r im  process ing  of LMFBR f u e l s  i n  e x i s t i n g  p l a n t s .  Present  flow- 

s h e e t s  should b e  modif ied,  where necessary ,  t o  provide f o r  t h e  h igh  

plutonium con ten t  of t h e s e  f u e l s .  The wide so lven t  e x t r a c t i o n  experience 

accumulated a t  product ion  si tes should b e  a s ses sed  and f ac to red  i n t o  

these  s t u d i e s .  P a r t i c u l a r  emphasis should b e  g iven  t o  t h e  experimental  
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Fig. 5.16. Process Options for Task 6.  
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Fig. 5.17. Logic Diagram f o r  Task 6. 
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eva lua t ion  of i o d i n e  behavior  i n  s o l v e n t  e x t r a c t i o n  and t h e  e f f e c t  of 

s o l v e n t  damage on process  performance, e s p e c i a l l y  when short-cooled f u e l s  

are processed. The d i f f e r e n t  s o l v e n t  e x t r a c t i o n  con tac to r s  should be  

eva lua ted  wi th  r e s p e c t  t o  t h e i r  r e l a t i v e  merits f o r  processing LMFBR 

f u e l s .  

The process  opt ions  are presented  i n  Fig.  5.19. A l o g i c  diagram of 

t h e  proposed work i s  g iven  i n  F ig .  5.20, and a proposed schedule  of 

a c t i v i t i e s  i s  shown i n  F ig .  5 .21.  

Task 7 . 1  Flowsheet Development and Tes t ing  

Purex f lowsheets  should be  def ined  f o r  i n t e r im  processing of LMFBR 

f u e l s  i n  e x i s t i n g  p l a n t s .  The s t u d i e s  should inc lude  t h e  eva lua t ion  of 

d i f f e r e n t  plutonium reduc tan t s  i n  t h e  p a r t i t i o n i n g  cyc le  t o  provide a 

b a s i s  f o r  choice  of t h e  optimum reductan t .  The f lowsheets  should b e  

demonstrated i n  small-scale ba tch  coun te rcu r ren t  systems wi th  s imulated 

f eeds  and feeds  prepared by d i s so lv ing  i r r a d i a t e d  LMFBR f u e l  specimens. 

A t t en t ion  should then be  g iven  t o  f lowsheets  designed s p e c i f i c a l l y  f o r  

processing LMFBR f u e l s .  The f lowsheets  should eventua l ly  be  eva lua ted  i n  

engineer ing-scale  tests wi th  h ighly  r a d i o a c t i v e  material. 

Task 7 .2  Radia t ion  and Chemical S t a b i l i t y  of Solvent  

Solvent damage e f f e c t s  should be s t u d i e d  i n  small-scale  tests,  us ing  

6oCo and h igh -ac t iv i ty  aqueous feeds  as sources  of r a d i a t i o n .  

exposure th re sho ld  l e v e l  a t  which s i g n i f i c a n t  e f f e c t s  occur should be  

determined. S tud ie s  should be  made t o  i d e n t i f y  t h e  offending degrada t ion  

products  and t h e i r  concent ra t ions  as a func t ion  of r a d i a t i o n  dose.  The 

rate of decomposition of TBP i n  n i t r i c  a c i d  should be  determined f o r  t h e  

range of process  temperatures  and ac id  concen t r a t ions  expected. The 

condi t ions  under which metal p r e c i p i t a t e s  of DBP and MBP occur should be  

def ined  as a guide  t o  p o s s i b l e  d i f f i c u l t i e s  a r i s i n g  from t h e  p r e c i p i t a t i o n  

of t hese  s a l t s  i n  t h e  e x t r a c t i o n  system. The importance of n i t r a t i o n  of 

t h e  d i l u e n t  and of TBP should be  examined. On a low-pr ior i ty  b a s i s ,  a l te r -  

n a t i v e  e x t r a c t a n t s  should be  examined and, i f  j u s t i f i e d ,  should be  

eva lua ted  exper imenta l ly  f o r  t h e  processing of LMFBR f u e l s .  

The so lven t  
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Task 7 . 3  Iod ine  Cont ro l  

The e x t r a c t i o n  of t h e  d i f f e r e n t  i o d i n e  s p e c i e s  by Purex s o l v e n t  should 

be examined. The ra te  of r e a c t i o n  of t h e  e x t r a c t e d  iod ine  wi th  t h e  so lven t  

t o  form organic  iod ides  should b e  determined, and t h e  products  of t h e  

r e a c t i o n  should be  cha rac t e r i zed .  Methods of s t r i p p i n g  iod ine  from t h e  

so lven t  should be  sought .  

Task 7 . 4  Solvent  Cleanup 

A l i t e r a t u r e  survey should b e  made of s o l v e n t  cleanup methods, and 

I f  t h e  t h e  more f avorab le  of t h e s e  should be  eva lua ted  experimentdl ly .  

p re sen t  methods are n o t  adequate ,  new methods should be  developed. 

Task 7.5  C r i t i c a l i t y  Cont ro l  

D i f f e r e n t  methods f o r  c o n t r o l l i n g  c r i t i c a l i t y  i n  t h e  so lven t  ex t rac-  

t i o n  c i r c u i t s  should be examined wi th  r e s p e c t  t o  t h e i r  e f f e c t s  on t h e  

chemical f lowsheet .  Where concen t r a t ion  c o n t r o l  i s  used, t h e  f lowsheets  

should be  t e s t e d  under cond i t ions  of assumed maloperat ion t o  make c e r t a i n  

t h a t  c r i t i c a l  concen t r a t ions  would n o t  be  exceeded through excess ive  plu- 

tonium r e f l u x  o r  plutonium seg rega t ion  ( i . e . ,  th i rd-phase formation) .  

The behavior  of proposed s o l u b l e  poisons i n  t h e  s o l v e n t  e x t r a c t i o n  c i r -  

c u i t s  should be  s tud ied .  

Task 7.6 Contactor  Evalua t ion  

Engineering s t u d i e s  should be  made t o  compare t h e  m e r i t s  of d i f f e r e n t  

con tac to r s  f o r  use  i n  s o l v e n t  e x t r a c t i o n  of LMFBR f u e l s .  The con tac to r s  

should be  compared from t h e  s t andpo in t s  o f :  (1) s o l v e n t  r a d i a t i o n  expo- 

s u r e ,  ( 2 )  a d a p t a b i l i t y  t o  c r i t i c a l i t y  c o n t r o l ,  ( 3 )  s i z e  and c o s t  of t h e  

con tac to r  and t h e  s h i e l d e d  f a c i l i t y  r equ i r ed  f o r  va r ious  p l a n t  through- 

puts ,  ( 4 )  so lven t  inventory ,  and (5) ease of process  con t ro l .  

5 . 8  Plutonium P u r i f i c a t i o n  - Task 8 

The o b j e c t i v e  of Task 8 is  t o  provide methods f o r  s epa ra t ing  plutonium 

from uranium and f i s s i o n  products  i n  a form having adequate p u r i t y  and 
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concent ra t ion  f o r  d e l i v e r y  t o  t h e  f u e l  r e f a b r i c a t i o n  system. Although t h e  

plutonium process  chemistry i s  reasonably well-known, t h e  h ighe r  plutonium 

content  of LMFBR f u e l s  makes some process  r e v i s i o n s  d e s i r a b l e .  A need 

f o r  a process  wi th  a h ighe r  capac i ty  than i o n  exchange (or a need f o r  

mod i f i ca t ion  of t h e  i o n  exchange process  o r  equipment) f o r  f i n a l  decon- 

taminat ion of plutonium is  ev iden t  f o r  LMFBR f u e l  process ing  p l a n t s .  

The process  op t ions  are presented  i n  Fig.  5 . 2 2 .  A l o g i c  diagram f o r  

t he  proposed work i s  g iven  i n  F ig .  5 . 2 3 ,  and a proposed schedule  of ac t iv -  

i t i e s  is  shown i n  Fig.  5 . 2 4 .  

Task 8.1 Second TBP Cycle 

Flowsheet condi t ions  should b e  e s t a b l i s h e d  f o r  a d j u s t i n g  t h e  oxida- 

t i o n  s t a t e  of t h e  f i r s t - c y c l e  plutonium product  s o l u t i o n  and f o r  recover- 

ing plutonium from t h i s  s o l u t i o n  i n  t h e  second TBP cycle .  

Task 8 . 2  Ion  Exchange Processing 

Based on a v a i l a b l e  informat ion ,  t h e  p o t e n t i a l  a p p l i c a b i l i t y  of anion 

exchange t o  t h e  process ing  of LMFBR f u e l s  should be c r i t i c a l l y  assessed .  

This assessment should inc lude  p o s s i b l e  use of small-diameter r e s i n  beads 

i n  a high-pressure column. I f  necessary ,  an experimental  program should 

b e  c a r r i e d  ou t  t o  o b t a i n  a d d i t i o n a l  d a t a  needed f o r  the assessment.  

Task 8 . 3  Amine Ex t rac t ion  Process  

An amine e x t r a c t i o n  process  f o r  t h e  f i n a l  p u r i f i c a t i o n  of plutonium, 

us ing  secondary amines (which can be  s t r i p p e d  wi th  d i l u t e  a c i d ) ,  should 

be  o u t l i n e d  on t h e  b a s i s  of  ba tch  tests.  The process  should be  t e s t e d  

wi th  s imula ted  and a c t u a l  feeds  t o  demonstrate  plutonium recove r i e s  and 

t h e  s e p a r a t i o n s  ob ta inab le  from f i s s i o n  products .  The chemical and rad i -  

a t i o n  s t a b i l i t y  of t h e  secondary amines and t h e  e f f e c t s  of s o l v e n t  degrada- 

t i o n  on process  performance should be  determined. Throughput c a p a c i t i e s  

of d i f f e r e n t  con tac to r s  should b e  determined f o r  t h e  amine s o l v e n t s .  

Methods of so lven t  c leanup should b e  developed and eva lua ted .  S u f f i c i e n t  

d a t a  should be  obtained i n  t h e s e  s t u d i e s  s o  t h a t  an engineer ing  eva lua t ion  

can be made of t he  r e l a t i v e  merits of t h e  amine p rocess ,  as compared wi th  

i o n  exchange, f o r  u se  i n  LMFBR p l a n t s .  
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Task 8 . 4  I n t e g r a t i o n  of Flowsheets 

D i f f e r e n t  arrangements of t h e  plutonium p u r i f i c a t i o n  process  flow- 

s h e e t s  should be considered and eva lua ted  wi th  t h e  aim of minimizing t h e  

number of p u r i f i c a t i o n  cyc le s  (and inc reas ing  t h e i r  e f f i c i e n c i e s ) ,  

s imp l i fy ing  process  wastes, and providing easy  i n t e g r a t i o n  wi th  processes  

f o r  r e c o n s t i t u t i n g  t h e  f u e l .  A t h i r d  cyc le  of TBP e x t r a c t i o n  should b e  

considered as an a l t e r n a t i v e  t o  i o n  exchange o r  amine e x t r a c t i o n  f o r  

f i n a l  p u r i f i c a t i o n  of t h e  plutonium. 

t h e  eva lua t ion  of aqueous complexing agents  and scavenging t rea tment  f o r  

improving t h e  s e p a r a t i o n s  from f i s s i o n  products .  

The l abora to ry  s t u d i e s  should inc lude  

5.9 Waste Treatment and Storage  - Task 9 

The o b j e c t i v e  of t h e  w a s t e  t rea tment  and s t o r a g e  program is t o  

develop economical processes  f o r  r e t e n t i o n ,  immobil izat ion,  s t o r a g e ,  and 

d i s p o s a l  of wastes. 

s i d e r a t i o n s  i n  s i t i n g  and ope ra t ing  f u e l  process ing  p l a n t s  and f i n a l  

waste d i s p o s a l  areas. 

These methods w i l l  b e  used t o  opt imize s a f e t y  con- 

The process  op t ions  are presented  i n  F ig .  5.25. A l o g i c  diagram 

of t h e  proposed work i s  g iven  i n  F ig .  5.26, and a proposed schedule  of 

a c t i v i t i e s  is  shown i n  F ig .  5.27. 

Task 9 .1  Hieh-Level Wastes 

This  t a s k  involves  t h e  development and comparative eva lua t ion  of 

methods f o r :  (1) i n t e r i m  s t o r a g e  of l i q u i d  and gaseous wastes, ( 2 )  

immobil izat ion by conversion t o  s o l i d s ,  (3) in te r im s t o r a g e  of s o l i d  

wastes, ( 4 )  shipment t o  t h e  f i n a l  d i s p o s a l  f a c i l i t y ,  and (5) f i n a l  

d i s p o s a l .  

LMFBR Liquid Wastes. - LMFBR l i q u i d  wastes w i l l  b e  similar i n  

i o n i c  conten t  t o  LWR wastes b u t  w i l l  have h ighe r  h e a t  gene ra t ion  rates 

pe r  ton of f u e l  a t  equa l  cool ing  t i m e s  because of t h e  high s p e c i f i c  

power of LMFBR f u e l .  A comprehensive survey has  been undertaken t o  

eva lua te  t h e  va r ious  s t e p s  i n  management of t h e  wastes t h a t  are expected 
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t o  be  genera ted  as a r e s u l t  of t h e  aqueous process ing  of f u e l s  from 

LMFBR's, as w e l l  as o t h e r  r e a c t o r s .  The survey should cons ider  c o s t s ,  

ope ra t ing  e f f i c i e n c y ,  and s a f e t y  as a means of comparing and opt imizing 

a l t e r n a t i v e  processes  and ope ra t ions  f o r  each s t e p .  

s a f e t y  i n c e n t i v e  t o  s o l i d i f y  as e a r l y  as p o s s i b l e ,  t h e r e  is  an economic 

i n c e n t i v e  t o  s o l i d i f y  i n  a minimum number of con ta ine r s  having as l a r g e  

a diameter  as poss ib l e .  

p roper ly  i n t e r r e l a t e d  t o  opt imize  both  s a f e t y  and economics. 

i nc lude  thermal  conduc t iv i ty ,  d e n s i t y ,  cool ing  t i m e  i n  l i q u i d  s t o r a g e ,  

number and s i z e  of p o t s ,  d i l u t i o n  wi th  i n e r t  s o l i d s ,  t h e  combination of 

va r ious  in te rmedia te -  and h igh- leve l  wastes, and c o s t  of l i q u i d  s t o r a g e  

versus  s t o r a g e  as s o l i d s .  Developmental work i s  proceeding t o  char- 

a c t e r i z e  t h e s e  wastes (and t h e  s o l i d s  t h a t  could be  formed from them) 

and t o  provide  t h e  d a t a  r equ i r ed  f o r  t h e  survey.  A method of i nc reas ing  

t h e  thermal conduc t iv i ty  of t h e  product  f o r  u l t i m a t e  d i s p o s a l  by d isper -  

s i n g  t h e  waste s o l i d s  i n  a g l a s s y  ma t r ix  is  being s tud ied .  

t hese  s t u d i e s  i s  t o  produce a d i s p e r s i o n  a t  900°C o r  less wi th  t h e  f i s s i o n -  

product  waste, using t h e  sodium i n  c a u s t i c  sc rubber  and s o l v e n t  cleanup 

waste and t h e  boron i n  t h e  f i s s i o n  product  waste (p lus  any a d d i t i o n a l  boron 

requi red)  t o  form a sodium t e t r a b o r a t e  continuous g l a s s y  phase, o r ,  wi th  

t h e  a d d i t i o n  of s i l i c 3  t o  produce a b o r o s i l i c a t e  continuous g l a s s y  phase. 

A d i s p e r s i o n  is  p r e f e r a b l e  t o  a s ingle-phase g l a s s y  o r  c r y s t a l l i n e  prod- 

u c t  s i n c e  i t  has  some of t he  d e s i r a b l e  p r o p e r t i e s  of each, namely, t h e  

lower leach  ra te  of t he  g l a s s y ,  continuous phase and t h e  h ighe r  thermal 

conduct iv i ty  of t h e  d i spe r sed  c r y s t a l l i n e  phase. 

While t h e r e  i s  a 

A number of p r o p e r t i e s  and parameters  must be  

These 

The a i m  of 

LMFBR Gaseous Wastes. - LMFBR gaseous wastes w i l l  i nc lude  I 3H, 2 '  
K r ,  and X e .  

decrease  t h e  p o s s i b i l i t y  

engineer ing ,  economic, and s a f e t y  survey should be  made t o  compare a l t e r n a -  

t ive  d i s p o s a l  methods. 

i n  p re s su r i zed  c y l i n d e r s .  

gaseous wastes inc lude  conversion of i o d i n e  ( h a l f - l i v e s ,  8.05 days and 

1 . 6  x 10 

s t o r a g e  of krypton as a gas  a f t e r  s e p a r a t i o n  from t h e  i n e r t  xenon. 

Immediate immobil izat ion of t h e s e  gases  i s  d e s i r a b l e  t o  

of t h e i r  sudden release i n  an i n c i d e n t .  An 

A t  p re sen t ,  t h e  only a v a i l a b l e  method is  s t o r a g e  

New methods proposed f o r  t h e  d i s p o s a l  of 

7 yea r s )  and tritium t o  s t a b l e  s o l i d  compounds f o r  s t o r a g e ,  and 
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Xenon ( h a l f - l i v e s ,  5.27 and 1 2  days) can be  r e l e a s e d  t o  t h e  atmosphere 

a f t e r  a few months, b u t  krypton ( h a l f - l i f e ,  10.76 years )  must be  r e t a i n e d  

f o r  long-term s t o r a g e .  

Iod ine  is  expected t o  b e  r e t a i n e d  i n  c a u s t i c  sc rubber  s o l u t i o n s  o r  

t o  b e  t r a n s f e r r e d  t o  c a u s t i c  s o l u t i o n s  a f t e r  r e t e n t i o n  by o t h e r  off-gas  

removal methods ( see  Sec t .  5.10).  Hence, t h e  problems involved i n  s o l i d i -  

f i c a t i o n  of c a u s t i c ,  and t h e  p h y s i c a l  and radiochemical  s t a b i l i t y  of  t h e  

i o d i n e  compounds i n  t h e  product ,  should be determined. Other methods of 

forming s t a b l e  s o l i d  products  from e lementa l  i o d i n e  c o l l e c t e d  i n  cold 

t r a p s  o r  o t h e r  gas  t rea tment  methods should a l s o  be  s tud ied .  S i m i l a r l y ,  

methods f o r  forming s t a b l e  s o l i d  compounds of tritium, such as Na HS04, 

r e q u i r e  eva lua t ion .  

less s teel  primary containment vessel (pot )  f o r  a d d i t i o n a l  s a f e t y  during 

temporary s t o r a g e  and shipment t o  t h e  government d i s p o s a l  area. However, 

both primary and secondary containment s e e m  d e s i r a b l e  f o r  gases  as opposed 

t o  s imple p re s su r i zed  tank  s t o r a g e .  Seve ra l  a l t e r n a t i v e  primary contain-  

ment methods should b e  considered;  i n  each case, a s t a i n l e s s  s t ee l  pot  o r  

p re s su re  v e s s e l  should s e r v e  as t h e  secondary containment v e s s e l .  These 

containment methods inc lude  entrapment i n  molecular  s i e v e s ,  d i s p e r s i o n  as 

a foam i n  g l a s s ,  p l a s t i c ,  o r  metal media, o r  d i s p e r s i o n  as microampuls 

i n  similar media. I n i t i a l  experimental  tests i n d i c a t e  reasonable  promise, 

b u t  a d d i t i o n a l  work i s  r equ i r ed  t o  permit  meaningful engineer ing and 

economic comparisons. 

3 

The s o l i d  waste products  could be  sea l ed  i n  a s t a i n -  

0 

Task 9 . 2  Low- and Intermediate-Level  Wastes 

Processes  are being developed f o r  i n j e c t i n g  waste-cement s l u r r i e s  

i n t o  deep geo log ic  formations by hydro f rac tu r ing ,  o r  f o r  incorpora t ing  

a l l  types of i n t e rmed ia t e - l eve l  waste r e s idues  i n  a s p h a l t ,  po lye thylene ,  

o r  o the r  p l a s t i c  material p r i o r  t o  b u r i a l .  These wastes would n o t  conta in  

s i g n i f i c a n t  amounts of long-l ived a lpha  nuc l ides ;  they inc lude  organic  

wastes and t h e  r e s idues  from: (1) sec’ond- and th i rd -cyc le  so lven t  ex t rac-  

t i o n  r a f f i n a t e s ,  (2) s o l v e n t  c leanup,  ( 3 )  off-gas  sc rubbe r s ,  and (4) 

s l u r r i e s ,  concen t r a t e s ,  o r  s o l i d s  from chemical t rea tment  o r  evapora t ion  of 

low-level wastes. Wastes conta in ing  s i g n i f i c a n t  amounts of long-l ived 
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a lpha  nuc l ides  would be  combined wi th  h igh- leve l  wastes. The inco rpora t ion  

of waste i n  a s p h a l t  and polye thylene  has  been c a r r i e d  through l abora to ry  

and engineer ing  development, and no a d d i t i o n a l  development i s  now planned. 

Fu r the r  development of t h e  hydrau l i c  f r a c t u r i n g  technique inc ludes  addi- 

t i o n a l  f i e l d  tests.  

Task 9 . 3  Shipping and F i n a l  S torage  

P resen t  p lans  are t o  e s t a b l i s h  a f e d e r a l l y  owned d i s p o s a l  s i t e  i n  a 

s a l t  mine t o  assess t h e  problems involved i n  t h e  ope ra t ion  of a f i n a l  

d i s p o s a l  f a c i l i t y .  The sh ipping  techniques and knowledge developed i n  

Task 1 w i l l  have d i r e c t  a p p l i c a t i o n  i n  t h i s  t a sk .  

Task 9 .4  Economic and Sa fe ty  S tud ie s  

Economic and s a f e t y  s t u d i e s  w i l l  b e  made t o  e v a l u a t e  a l t e r n a t i v e  

methods f o r  t h e  management of LMF'BR wastes. A code w i l l  be  der ived  t o  

opt imize t h e  l a r g e  number of v a r i a b l e s  t o  be  s t u d i e d  i n  t h e  i n i t i a l  survey 

and t o  f a c i l i t a t e  subsequent s t u d i e s  and eva lua t ions .  Var iab les  inc lude  

volumes and s o l i d s  con ten t  of high- and in te rmedia te - leve l  l i q u i d  wastes, 

a l t e r n a t i v e  methods of  combining wastes f o r  s t o r a g e ,  e f f e c t  of thermal 

conduc t iv i ty ,  and e f f e c t  of s o l i d  waste type  (porous c a l c i n e ,  s o l i d  g l a s s ,  

d i spe r s ion  i n  g l a s s ,  e t c . ) .  I n i t i a l  emphasis w i l l  be  p laced  on: (1) t h e  

e f f e c t  of combining a l l  wastes conta in ing  h igh  concent ra t ions  of a lpha  

emitters wi th  the  f i r s t - c y c l e  e x t r a c t i o n  waste,  ( 2 )  t h e  importance of 

immobil izat ion of gaseous wastes, and (3) t h e  r e l a t i v e  economics and s a f e t y  

of e a r l y  s o l i d i f i c a t i o n  and immobil izat ion of h igh- leve l  aqceous wastes  

as compared wi th  i n t e r i m  s t o r a g e  of l i q u i d  wastes t o  permit t h e  decay of 

sho r t - l i ved  nuc l ides .  

5.10 Off-Gas Treatment - Task 10 

The o b j e c t i v e  of Task 10 is  t o  develop t rea tment  methods and 

combinations of methods ' (systems)  f o r  t h e  e f f i c i e n t  decontamination of 

off-gases .  . T h e  removal of i o d i n e  i s  of primary importance; a lower 

p r i o r i t y  is  ass igned  f o r  t h e  removal of noble  gases ,  tritium, o r  radio-  

a c t i v e  p a r t i c l e s .  I n i t i a l  emphasis should b e  placed on s t u d i e s  of t he  
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, 

chemistry of i o d i n e  s i n c e  s u f f i c i e n t  knowledge i s  n o t  a v a i l a b l e  under 

t h e  var ious  condi t ions  encountered i n  a f u e l  process ing  system t o  des ign  

an off-gas  system f o r  process ing  LMFBR f u e l s .  The chemical s t u d i e s  

should be supplemented by t h e  engineer ing  development of methods and 

systems. 

cooled f u e l s ,  t h a t  i s ,  high i o d i n e  concen t r a t ions ,  are requi red  t o  demon- 

s t ra te  t h e  extremely h igh  decontamination and r e l i a b i l i t y  r equ i r ed  f o r  

process ing  LMFBR f u e l s .  

Engineer ing-scale  experiments wi th  h igh ly  r a d i o a c t i v e  sho r t -  

Off-gas process ing  is  d i r e c t l y  r e l a t e d  t o  a l l  of t h e  o t h e r  t a s k s  

s i n c e  t h e  gases  from a l l  p a r t s  of t h e  p l a n t  must pass  through t h e  decon- 

taminat ion system p r i o r  t o  d ischarge .  Thus, t h e  spec ie s ,  phys i ca l  form, 

and concent ra t ion  of i o d i n e ,  as w e l l  as t h e  impuri ty  conten t ,  must b e  

considered i n  each process ing  s t e p .  The off-gas  t rea tment  system has  

been d iv ided  i n t o  t h r e e  systems: t h e  vo lox id ize r  off-gas (F ig .  5.28),  

t h e  d i s s o l v e r  off-gas  (F ig .  5.29),  and t h e  secondary t reatment  

(Fig.  5.30). An op t ion  diagram (Fig.  5.31) and a l o g i c  diagram 

(Fig.  5.32) have been prepared which i l l u s t r a t e  p o s s i b l e  processing 

methods and systems based on p resen t  knowledge and i n d i c a t e  t h e  d i v e r s e  

s t u d i e s  requi red .  A proposed schedule  of work i s  g iven  i n  Fig.  5.33. 

Voloxidizer  Off-Gas (Fig.  5.28). - The vo lox id ize r  could receive 

i t s  carrier gas  from t h e  shea r .  A s e t  of micrometa l l ic  blowback f i l t e r s  

could b e  used t o  r e t a i n  any PuO -UO 

poss ib ly  be  r e t a i n e d  by molecular  s i e v e s ,  s i l i c a  g e l ,  o r  o t h e r  i no rgan ic  

des i ccan t .  The mass of i o d i n e  could b e  r e t a i n e d  by e i t h e r  (1) a co ld  

t r a p  o r  (2) a c a u s t i c  sc rubber .  I f  t h e  vo lox id ize r  is  success fu l ,  t h i s  

w i l l  r ep resen t  t h e  b u l k  of t h e  iod ine ,  and i t  w i l l  b e  necessary,  a f t e r  

decay of t h e  I3l1 component, t o  f i x  and permanently con ta in  t h e  material 

due t o  t h e  I2'I content .  

30-day-cooled material, t h e  I3'I inventory  would be 1 x l o 7  C i  and 

would accumulate a t  a rate of 0.26 Ci/day. 

veyed, and t h e  most a t t r a c t i v e  methods must b e  s t u d i e d  ( see  Sec t .  4.9).  

The gases  could pass  through one of t h r e e  a l t e r n a t i v e  u n i t s  f o r  t h e  

removal of noble  gases :  (1) cryogenic  d i s t i l l a t i o n ,  (2) l i q u i d  Freon 

dus t .  T r i t i a t e d  water could 
2 2  

For example, i n  a 5-ton/day p l a n t  process ing  
129 I 

Fixa t ion  methods must b e  sur-  
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adsorp t ion ,  o r  ( 3 )  permselec t ive  membrane. The above s t e p s  would a l s o  

assist i n  p a r t i c l e  removal. 

Disso lver  Off-Gas (Fig.  5 . 2 9 ) .  - Any remaining i o d i n e  and noble  gases 

would b e  v o l a t i l i z e d  f r o m ' t h e  d i s s o l v e r ,  and most of t h e  i o d i n e  would b e  

r e t a i n e d  i n  a hold  t ank  fol lowing a downdraft condenser.  The i o d i n e  may 

b e  removed from t h i s  a c i d  by sparg ing  p r i o r  t o  i t s  reuse .  The nonconden- 

s a b l e  gases  would pass  t o  one o r  two a c i d  scrubbers  f o r  recovery of 

n i t r o g e n  oxides .  

would pass  i n t o  a c a u s t i c  o r  mercur ic  n i t r a t e - - n i t r i c  a c i d  scrubber  o r  

a s i l v e r  r e a c t o r  f o r  removal of t h e  iod ine .  

The gases  from t h e  ho ld  tank  and t h e  a c i d  scrubber  

Vessel Off-Gas. - The v e s s e l  off-gas  could p a s s  d i r e c t l y  i n t o  a 

secondary system. 

Secondary Off-Gas (F ig .  5 . 3 0 ) .  - The secondary off-gas  t rea tment  

system would b e  designed f o r  use as a po l i sh ing  s t e p  a f t e r  t h e  mass of 

i o d i n e  has  been removed. The use of s i l ve r -bea r ing  t rea tment  u n i t s  may be  

economical i f  l a r g e  amounts of i o d i n e  are n o t  p re sen t .  Charcoal f i l t e r s  

could b e  used wi th  s a f e t y  i f  t h e  n i t rogen  oxides  have been removed. The 

t rea tment  s t e p s  must be  designed t o  remove i o d i n e  from a gas  stream t h a t  

w i l l  con ta in  water vapor ,  o rgan ic  i o d i d e s ,  e lementa l  i o d i n e ,  o rgan ic  com- 

pounds, and organic  and ino rgan ic  par t ic les  wi th  adsorbed iod ine .  As an 

a l t e r n a t i v e ,  t h e  organic  vapors  and s o l i d s  could b e  oxidized t o  CO and 

H 0, and t h e  iod ides  could b e  converted t o  e lementa l  i od ine ,  which can b e  2 
e f f i c i e n t l y  removed i n  subsequent  s t e p s .  

a l s o  vapor i ze  t h e  i o d i n e  from ino rgan ic  p a r t i c l e s  and d e a c t i v a t e  t h e  sur-  

f a c e  of t h e  p a r t i c l e s .  F i l t r a t i o n  p r i o r  t o  s o r p t i o n  is  d e s i r a b l e  because 

p a r t i c l e s  tend  t o  pas s  through sorbent  beds and slowly release i o d i n e  

when r e t a i n e d  on a f i n a l  f i l t e r .  A s i l v e r  r e a c t o r  could a l s o  be  consid- 

ered.  The h o t  gases  from t h e  o x i d i z e r  would b e  cooled only t o  t h e  1 8 O o C  

r equ i r ed  f o r  t h e  s i l v e r  r e a c t o r .  

on s i lver  z e o l i t e s .  

2 

High-temperature ox ida t ion  may 

The h o t  gases  might be  t r e a t e d  d i r e c t l y  

The a l t e r n a t i v e  t o  e l i m i n a t i o n  (oxida t ion)  of o rgan ic  material i s  

t o  t rea t  t h e  gas  by methods t h a t  can remove i o d i n e  e f f i c i e n t l y  from 

o rgan ic  compounds. These methods involve  t h e  use of (1) mercur ic  n i t r a t e -  
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n i t r i c  a c i d  sc rubbe r s ,  ( 2 )  s i l v e r  z e o l i t e s ,  (3)  s i l v e r  r e a c t o r s ,  and ( 4 )  

impregnated cha rcoa l s .  

Task 10.1 Iod ine  

This  sub ta sk  invo lves  b a s i c  chemical and chemical engineer ing s t u d i e s  

of t rea tment  mCthods and systems f o r  removing i o d i n e  from off-gases .  

inc ludes :  (1) d e f i n i t i o n  of s p e c i e s  and concen t r a t ions  of i od ine  produced 

i n  a l l  p l a n t  ope ra t ions ,  (2 )  d e f i n i t i o n  of e f f i c i e n c i e s  of removal methods 

and systems (scrubbers ,  s o l i d  so rben t s ,  c a t a l y t i c  o x i d i z e r s ,  and f i l t e r s )  

i n  terms of i o d i n e  s p e c i e s ,  concen t r a t ion ,  phys i ca l  form ( p a r t i c l e s  o r  g a s ) ,  

chemical form (organic  o r  i no rgan ic  compound), and i m p u r i t i e s  (organic  o r  

i no rgan ic  vapors ,  p a r t i c u l a t e s ,  and n i t rogen  ox ides ) ,  and ( 3 )  d e f i n i t i o n  

of t he  e f f e c t  of r a d i a t i o n  on t h e s e  systems. 

n i t rogen  oxides  f o r  r euse  as n i t r i c  a c i d  i n  t h e  d i s s o l v e r  s y s t e m  must be  

considered a l s o .  

It  

The e f f i c i e n t  recovery of 

I n i t i a l  emphasis w i l l  b e  p laced  on (1) scrubbers  [NaOH, Hg(N0 ) 3 2 ’  
HNO ] and co ld  t r a p  systems because of t h e i r  primary r o l e  i n  removing and 

r e t a i n i n g  t h e  mass of  i o d i n e ,  and (2 )  on c a t a l y t i c  ox ida t ion ,  which may 

improve removal e f f i c i e n c i e s  by convert ing i o d i n e  t o  a s i n g l e  spec ie s .  

Other promising a l t e r n a t i v e s  w i l l  b e  s t u d i e d  on an appropr i a t e  schedule .  

Chemical s t u d i e s  w i l l  be  followed by co ld  engineer ing  research  and develop- 

ment t o  d e f i n e  e f f i c i e n c i e s  and scale-up f a c t o r s .  

t o  design e f f i c i e n t  sc rubbers  t h a t  can e f f e c t i v e l y  u t i l i z e  t h e  high p a r t i -  

t i o n  c o e f f i c i e n t s  p red ic t ed  by chemical s t u d i e s .  Hot experiments w i l l  be  

conducted i n  h o t  ce l l s  and i n  t h e  Transuranium Processing P l a n t  when 

appropr ia te .  

wi th  o t h e r  engineer ing  tests i n  t h e  LMFBR development program. 

3 

An e a r l y  o b j e c t i v e  i s  

Hot engineer ing-sca le  tests w i l l  a l s o  be  made i n  conjunct ion 

Task 10.2 Noble Gases 

Af te r  t h e  off-gas  system f o r  i od ine  removal i s  reasonably w e l l  def ined ,  

a survey w i l l  be  made t o  determine what a d d i t i o n a l  work w i l l  b e  necessary 

f o r  noble gas  removal. The f a c t o r s  a f f e c t i n g  t h e  choice  of noble  gas  re- 

moval method w i l l  be  def ined  i n  terms of i n t e r r e l a t e d  e f f e c t s  on t h e  i o d i n e  

removal system, f o r  example, t h e  degree of impuri ty  removal (n i t rogen  

oxides ,  mois ture ,  e t c . )  r equ i r ed  p r i o r  t o  noble  gas  removal. 



Task 10.3 T r i t i u m  

T r i t i u m  removal w i l l  r ece ive  t h e  lowest  p r i o r i t y .  A f t e r  t h e  iod ine  

system i s  reasonably w e l l  def ined ,  a survey w i l l  be  made t o  determine t h e  

b e s t  p l a c e  t o  remove tritium, and t o  d e f i n e  any a d d i t i o n a l  development work 

needed. 

Task 10.4 Par t iculates  

A survey of p a r t i c u l a t e  removal methods used i n  t h e  nuc lea r  i ndus t ry  

o r  being developed i n  AEC programs w i l l  b e  made t o  choose u n i t s  f o r  u s e  i n  

h o t  engineer ing  experiments.  I t  i s  expected t h a t  adequate  removal methods 

w i l l  b e  a v a i l a b l e  and t h a t  a d d i t i o n a l  development i s  n o t  r equ i r ed  o t h e r  

than t h a t  a s s o c i a t e d  wi th  Subtasks 10.1,  10 .2 ,  and 10.3. 

5 .11  Radia t ion  and Shie ld ing  - Task 11 

This t a s k  has  t h e  o b j e c t i v e  of developing d a t a  on t h e  r a d i a t i o n  

p r o p e r t i e s  and s h i e l d i n g  requirements  of LMFBR f u e l s .  Such d a t a  are 

needed i n  o rde r  t o  promote s a f e  and economical shipment and recovery 

of t h e s e  f u e l s .  The impetus f o r  t h i s  work should b e  provided by those 

who have r e s p o n s i b i l i t y  f o r  t h e  des ign  and development of processes  

t o  be  used i n  t h e  sh ipping  and process ing  of LMFBR f u e l .  The work 

should b e  coordinated wi th  t h e  r e l a t e d  development programs i n  suppor t  

of LMFBR f u e l  f a b r i c a t i o n  and r e a c t o r  design.  

An i d e a l i z e d  l o g i c  diagram f o r  t h e  development of  r a d i a t i o n  c o n t r o l  

techniques and s h i e l d s  f o r  use i n  sh ipping  and processing LMFBR f u e l  i s  

shown i n  F ig .  5 . 3 4 .  Actua l ly ,  t h e  pa ths  shown i n  t h e  diagram should be 

foliowed wi th  p rogres s ive  ref inement  during t h e  va r ious  s t a g e s  of develop- 

ment t h a t  w i l l  culminate  i n  conceptua l  des igns ,  p re l iminary  des igns ,  and 

d e t a i l e d  des igns .  

Task 11.1- Radia t ion  P r o p e r t i e s  of Radionucl ides  

The o b j e c t i v e  of t h i s  t a s k  i s  t o  develop t h e  b a s i c  nuc lea r  d a t a  t h a t  

are needed t o  determine t h e  r a d i a t i o n  p r o p e r t i e s  and product ion of  ind i -  

v i d u a l  r ad ionuc l ides  p re sen t  i n  spen t  LMFBR f u e l .  The end product  of t h i s  
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t a s k  should be  an eva lua ted  compilat ion of nuc lea r  d a t a  i n  a form s u i t a b l e  

f o r  use i n  computing t h e  g ross  r a d i a t i o n  p r o p e r t i e s  of LMFBR f u e l s .  

The d a t a  t h a t  are needed inc lude  decay schemes, c r o s s  s e c t i o n s  as 

a func t ion  of neut ron  energy,  spectrum-averaged y i e l d s  of  nuc l ides  r e s u l t -  

ing  from t h e  f i s s i o n  of important  a c t i n i d e s ,  energy s p e c t r a  of photon and 

neut ron  r a d i a t i o n s ,  and t h e  thermal  power of  r a d i o a c t i v e  d i s i n t e g r a t i o n s .  

Accurate and d e t a i l e d  experimental  d a t a  should be developed f o r  about 

100 nuc l ides  t h a t  c o n s t i t u t e  important  sou rces  of pene t r a t ing  r a d i a t i o n ,  

thermal power, and phys io log ica l  hazard i n  LMFBR f u e l .  Se l ec t ed  experi-  

mental  d a t a ,  supplemented by t h e o r e t i c a l  p r e d i c t i o n s  and c o r r e l a t i o n s  of 

nuc lea r  systematics,  are r equ i r ed  f o r  approximately 1000 a d d i t i o n a l  

nuc l ides .  

Task 1 1 . 2  Radia t ion  P r o p e r t i e s  of LMFBR Fuels  

The o b j e c t i v e  of t h i s  t a s k  is  t o  determine t h e  r a d i a t i o n  p r o p e r t i e s  

of LMFBR f u e l  f o r  s t u d i e s  of chemical s e p a r a t i o n s  p rocesses ,  r a d i a t i o n  

damage, h e a t  d i s s i p a t i o n  requirements ,  containment requirements ,  and 

s h i e l d i n g .  Computer codes,  such as ORIGEN, should b e  modif ied and re- 

f i n e d  t o  permit  i nco rpora t ion  of a more d e t a i l e d  d e s c r i p t i o n  of t h e  

r e a c t o r  neut ron  spectrum as a func t ion  of p o s i t i o n  and t i m e ,  and 

photon and neut ron  s p e c t r a  of  primary r a d i a t i o n s  from i r r a d i a t e d  f u e l .  

The computational methods should b e  t e s t e d  and r e f i n e d  by a thorough 

a n a l y s i s  of f u e l  specimens t h a t  have been i r r a d i a t e d  i n  LMFBR demonstra- 

t i o n  and f a s t  tes t  r e a c t o r s .  

Task 11.3 Bas ic  Sh ie ld ing  S tud ie s  

The o b j e c t i v e  of t h i s  t a s k  i s  t o  develop d a t a  on s h i e l d s  and on 

s h i e l d i n g  combinations t h a t  w i l l  be  r equ i r ed  i n  t h e  shipment and recovery 

of LMFBR f u e l s .  The work r e q u i r e s  development of  t h e  s p e c t r a l  d i s t r i b u -  

t i o n  of photons and neut rons  i n  t h e  va r ious  process  ope ra t ions  ( spent  

f u e l  sh ipping ,  off-gas  cleanup systems,  waste streams, plutonium p u r i f i -  

c a t i o n  system, e t c . ) ,  developing computat ional  procedures ,  and determining 

dose a t t e n u a t i o n  kerma f o r  s h i e l d i n g  materials of p r i n c i p a l  i n t e r e s t .  The 

computat ional  methods should be  v a l i d a t e d  and r e f i n e d  by experimental  
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sh ie ld ing  s t u d i e s  using sources  c o n s i s t i n g  of f i s s i o n  products ,  h igh ly  

burned plutonium, and t ransplutonium i so topes .  

Task 11.4 Radia t ion  Cont ro l  and S h i e l d  Development 

The purpose of t h i s  t a s k  is  t o  des ign  and develop s h i e l d s  and t o  

formulate  r a d i a t i o n  c o n t r o l  techniques t h a t  are needed f o r  t h e  va r ious  

ope ra t ions  i n  t h e  shipment and recovery of  LMFBR f u e l s .  The s h i e l d i n g  

s t u d i e s  should cons ider  t h e  requirements  f o r  d i r e c t  access, viewing, 

s t r u c t u r a l  components, and s h i e l d  pene t r a t ions .  The r a d i a t i o n  c o n t r o l  

s t u d i e s  should develop al lowable exposure rates i n  va r ious  ope ra t ing  

areas, determine s p e c i f i c a t i o n s  f o r  sources  of  r a d i a t i o n  i n  product 

materials, and develop in s t rumen ta t ion  f o r  monitor ing r a d i a t i o n  levels 

i n  gaseous e f f l u e n t s  and i n  ope ra t ing  areas. 

5.12 C r i t i c a l i t y  - Task 12 

This  t a s k  has  t h e  o b j e c t i v e  of developing c r i t i c a l i t y  d a t a  and 

c r i t i c a l i t y  c o n t r o l  techniques  t h a t  are needed f o r  t h e  s a f e  and economi- 

cal  shipment and recovery of LMFBR f u e l s .  

between groups i n  p r i v a t e  i n d u s t r y  and t h e  Nat iona l  Labora tor ies  t h a t  

are involved i n  (1) process  des ign  and development, ( 2 )  development of 

computational methods, and (3)  experimentat ion t o  gene ra t e  b a s i c  nuc lea r  

da t a ,  c r i t i c a l i t y  d a t a ,  and techniques f o r  t h e  assay  of f i s s i l e  materials. 

The impetus f o r  t h e  c r i t i c a l i t y  s t u d i e s  of each process  ope ra t ion  (ship-  

ment, d i s s o l u t i o n ,  s o l v e n t  e x t r a c t i o n ,  e t c . )  should be  provided by those  

who have r e s p o n s i b i l i t y  f o r  des igning  and eva lua t ing  t h e  o p e r a t i o n a l  

procedure; a summary o f , t h e  l o g i c a l  development of c r i t i c a l i t y  d a t a  f o r  a 

g iven  process  o p e r a t i o n  is  presented  i n  Fig.  5.35. I n  a d d i t i o n ,  provi-  

s i o n  should be made f o r  s t u d i e s  t h a t  are d ivorced  from s p e c i f i c  process  

opera t ions  bu t  have t h e  purpose of developing a u n i f i e d  and comprehensive 

understanding of t h e  c r i t i c a l i t y  parameters of systems conta in ing  plu- 

tonium and plutonium-uranium mixtures .  

The work r e q u i r e s  coord ina t ion  

This t a s k  is d iv ided  i n t o  seven sub ta sks .  Tasks 1 2 . 1  through 12.4 

have t h e  purpose of developing c r i t i c a l i t y  d a t a  f o r  t h e  nuc lea r  systems 
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t h a t  are expected t o  be  encountered i n  t h e  shipment and aqueous process ing  

of spen t  LMFBR f u e l s .  A summary of t h e  major requirements  f o r  c r i t i c a l i t y  

d a t a  i n  t h e  va r ious  process  ope ra t ions  i s  presented  i n  Table 5.1. 

uranium-plutonium compositions of p r i n c i p a l  i n t e r e s t  i n  t hese  s t u d i e s  are 

presented  i n  Table  5.2. Other  process  parameters  are presented  elsewhere 

i n  t h i s  r e p o r t .  Tasks 12.5 and 12.6 have t h e  o b j e c t i v e s  of developing 

computat ional  techniques and gene ra t ing  comprehensive c o r r e l a t i o n s  of 

c r i t i c a l i t y  d a t a .  Task 12.7 has  t h e  o b j e c t i v e  of developing nondestruc- 

t i v e  techniques f o r  a c c o u n t a b i l i t y  and c o n t r o l  of  f i s s i l e  materials. 

The 

Task 12.1 Arrays of LMFBR Elements 

This  t a s k  has  t h e  purpose of developing c r i t i c a l i t y  d a t a  f o r  appl i -  

c a t i o n  t o  t h e  shipment and s t o r a g e  of LMFBR elements .  Arrays of core-- 

axial  b l anke t  elements are of primary concern. 

f o r  s a f e  a r r a y s  of such elements  should assume t h e  presence of elements 

t h a t  w i l l  i n t roduce  m a x i m u m  r e a c t i v i t y  i n t o  t h e  a r r a y ,  namely, elements 

t h a t  are normally u n i r r a d i a t e d  and are from t h e  o u t e r  p o r t i o n  of a co re  

zone. This a n a l y s i s  should a l s o  cons ider  c r e d i b l e  conf igu ra t ions  of 

.damaged elements.  The de termina t ions  of t h e  e f f e c t i v e  neutron mult i -  

p l i c a t i o n  f a c t o r  as a func t ion  of t h e  s i z e  and t h e  arrangement of t h e  

a r r a y s  (both of which are a p p l i c a b l e  p r imar i ly  t o  t h e  de te rmina t ion  of  

t h e  neutron source  s t r e n g t h  i n  shipping)  should assume c r e d i b l e  a r r a y s  

of elements i n  t h e i r  i r r a d i a t e d  condi t ion .  

The c r i t i c a l i t y  l i m i t a t i o n s  

Task 12.2 UO -PuO S o l i d s  a t  Low Moderation -2-2 

This  t a s k  has  t h e  purpose of determining t h e  c r i t i c a l i t y  parameters 

of dry  chopped elements ,  U02-Pu02 s o l i d s ,  and PuO 

would be (1) t h e  gas  i n  a shea r  o r  a vo lox id ize r ,  (2 )  t h e  molten s t a i n l e s s  

steel  i n  a melt-decladding s t e p ,  o r  (3) o t h e r  molten metals i n  p o s s i b l e  

m e t a l l u r g i c a l  decladding s t e p s .  This  t a s k  should a l s o  inc lude  t h e  develop- 

ment of d a t a  f o r  a r r a y s  of s u b c r i t i c a l  u n i t s  of  PuO 

permit  t h e  des ign  of product  s t o r a g e  a r r a y s  and product  shipping con ta ine r s .  

s o l i d s .  The moderator 2 

t h e s e  d a t a  w i l l  2;  
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Table 5.1. 
LMFBR U02-Pu02 Fuels 

Summary of Major Requirements f o r  C r i t i c a l i t y  D a t a  i n  t h e  Aqueous Processing of Spent 

Nuclear System 
Process 

Operation Fuel (s ) Moderator (s) Reflector (s ) 
Nuclear Parameters 

t o  Determine 

Spent Fuel 
Shipping 

Fuel Element 
Storage 

Head E M  

Dissolver 

Feed Adjustment 

Solvent 
Extractiona 

Plutonium 
Solution 
Storage 

Plutonium 
Oxide 
Storage 

Arrays of core f u e l  1. Sodium 1. Thick i ron 
elements 2 .  Lithium 2. Thick lead 

3. Other l iqu id  
metal 

L. A i r  

I n f i n i t e  system 
Arrays of core f u e l  1. Water 

elements 2 .  Sodium 
3. A i r  (gas) 

2 .  Molten s ta in-  1 i n .  of i ron  plus  
Chopped elements 1. A i r  (gas) 

3. Molten zinc 
l e s s  s t e e l  insulat ion 

2 .  Thick water 

I 
1. UO;,-PuO2 so l ids  1. U-Pu n i t r a t e  1. 1 in. of i r o n  

2 .  Above with f ixed i n  No. 1, k .  Solution 

3. PuO2 so l ids  i n  ing B o r  Cd 

i n  f i s s i l e  solution 
solution 2 .  Solution a s  3. Thick concrete 

poison basket but  contain- 

f i s s i l e  solut ion i n  f i s s i l e  
solut ion 

1. Homogeneous U-Pu 

2. Solution a s  i n  
No. 1, but  con- 
ta ining B o r  C d  

1. Homogeneous 
aqueous o r  
organic solut i  
of Pu or U-Pu 

2 .  Solution as i n  
No, 1, but  i n  
f ixed poison 
array 

n i t r a t e  so lu t i  

packed with 
borosi l icate  
glass  

1. Homogeneous Pu 

2 .  Above i n  tanks 

. Solution o r  ion 
exchange r e s i n  

1. 1 in .  of i ron 
2 .  I n f i n i t e  

system 

1. 1 in .  of i ron 
2 .  Thick water 

1. 1 i n .  of i ron  . Solution 2 .  Thick water 

1. A i r  1/2 in .  of s t e e l  
2. Water 
3. P las t ic  

Arrays of packaged 
PUO2 

Keff vs s i z e  of array considering: 
Spacing of elements 
Interspersal  of r a d i a l  blanket 

Neutron absorbing s t ruc tura l  

Modera tor  
Reflector 
Reactor type ( f resh  and d is -  

C r i t i c a l  spacing of elements vs 

elements 

materials 

charged composition) 

configuration of array and type 
of moderator 

Cr i t ica l  mass, volume, and dimen- 
sions vs f u e l  density and type 
of moderator 

C r i t i c a l  mass, volume, and dimen- 
sions for  credible  combinations 
of fue l ,  moderator, and re f lec tor  

C r i t i c a l  mass, volume, and dimen- 

Limiting c r i t i c a l  concentrations 
s ions vs moderating r a t i o  

of U-Pu solut ions 

Cr i t ica l  dimensions vs moderating 
r a t i o  and type of f ixed absorber 
array 

of Pu solutions 
Limiting c r i t i c a l  concentrations 

C r i t i c a l  dimensions of un i t s  i n  

Safe concentration i n  i n f i n i t e  
a closely spaced array 

system packed with glass  

Mass and dimensions of uni ts  
C r i t i c a l  number of uni ts  i n  
array 

~ ~~~ ~~~~ ~ ~ 

aThe requirements f o r  t h i s  operation a r e  a l so  applicable t o  ion exchange and product evaporation. 



Table 5.2. Uranium-Plutonium Compositions of P r i n c i p a l  I n t e r e s t  
i n  IXFBR C r i t i c a l i t y  S tud ie s  

~ ~~~~~~~ 

Composition (Weight F r a c t i o n )  

242Pu Type of Fue l  Pu 236u 238 pu 239Pu 24 O p u  241 pu 

( u +  pu) U Pu Pu Pu Pu pu 

F a s t  T e s t  Reactor  

Charge 0.20-0.25 0.007 0.000 0.895 0,100 0.005 0.000 
Discharge 0.20-0.24 0,007 0.00 0.85 0.14 0.01 0.00 

Typica l  LMFBR 

0.13-0.22 0.002 0.01 0.59 0.24 0.12 0.04 1”, Charge t o  co re  

D i  sc  h a r  ge w 

Core 0.12-0.21 0.002 0.01 0.60 0.27 0.07 0.05 

b l a n k e t  0.09-0.14 0.002 0.01 0.63 . 0.25 0.06 0.05 

Radial b l a n k e t  0.01 -0.03 0.002 0.00 0.98 0.02 0.00 0.00 

Core + axial  



Task 12.3 UO -PuO S o l i d s  i n  F i s s i l e  So lu t ion  --2-----2 

This t a s k  has  t h e  purpose of developing c r i t i c a l i t y  parameters f o r  

t h e  mixtures  of f i s s i l e  s o l i d s  and t h e  f i s s i l e  s o l u t i o n  t h a t  may r e s u l t  

from t h e  d i s s o l u t i o n  of spen t  LMFBR f u e l .  The s o l i d s  are assumed t o  be  

e i t h e r  UO PuO o r  pure PuO t h e  l a t te r  could r e s u l t  i f  PuO w e r e  

p r e c i p i t a t e d  o r  i f  t h e  UO were d i s so lved  s e l e c t i v e l y .  The f i s s i l e  solu-  

t i o n  is assumed to be  an aqueous uranium-plutonium n i t r a t e  s o l u t i o n ,  

probably conta in ing  boron o r  cadmium as a s o l u b l e  neut ron  absorber .  I n  

a d d i t i o n ,  some d i s s o l v e r  concepts  w i l l  i nc lude  a r r a y s  of f i x e d  neut ron  

absorbers  such as s t a i n l e s s  s teel  conta in ing  boron o r  gadolinium. 

2- 2 2 ;  2 

2 

Task 12.4 Homogeneous So lu t ions  of Uranium-Plutonium 

This  t a s k  has  t h e  o b j e c t i v e  of developing c r i t i c a l i t y  parameters  

f o r  homogeneous aqueous o r  organic  s o l u t i o n s  of plutonium o r  uranium- 

plutonium. Limit ing c r i t i c a l  concent ra t ions  of aqueous s o l u t i o n s  of 

uranium-plutonium, wi th  and wi thout  s o l u b l e  neut ron  absorbers ,  must be 

known f o r  a n a l y s i s  of t h e  feed  adjustment  opera t ion .  Knowledge of 

c r i t i c a l  dimensions and of t h e  e f f e c t s  of a r r a y s  of f i x e d  neut ron  absorb- 

ers i s  needed f o r  t h e  des ign  of s o l v e n t  e x t r a c t i o n ,  i o n  exchange, and 

product evapora t ion  systems. C r i t i c a l  dimensions f o r  t h e  plutonium 

n i t r a t e  s o l u t i o n s ,  as w e l l  as c r i t i c a l  concen t r a t ions  of these s o l u t i o n s  

i n  l a r g e  tanks  packed w i t h  b o r o s i l i c a t e - g l a s s  r a sch ig  r i n g s ,  are needed 

f o r  t h e  eva lua t ion  of plutonium s o l u t i o n  s t o r a g e  systems. 

Task 12.5 Computational Techniques 

The o b j e c t i v e  of t h i s  t a s k  i s  t o  develop computat ional  techniques 

t h a t  may b e  used f o r  r e l i a b l e  and accu ra t e  p r e d i c t i o n s  of c r i t i c a l i t y  

parameters f o r  systems conta in ing  uranium and plutonium. This  work in- 

c ludes  compilat ion and eva lua t ion  of b a s i c  nuc lea r  d a t a  and t e s t i n g  and 

ref inement  of t h e  computational techniques as experimental  c r i t i c a l i t y  

d a t a  become a v a i l a b l e .  

r e s p e c t  t o  t h e  types of systems f o r  which c a l c u l a t i o n s  are r equ i r ed  and 

t imely communications wi th  experimental  groups who w i l l  develop t h e  

b a s i c  nuc lea r  and c r i t i c a l i t y  d a t a .  

The t a s k  r e q u i r e s  up-to-date informat ion  wi th  
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Task 12.6 Evaluated C r i t i c a l i t y  Data Compilation 

The purpose of t h i s  t a s k  is  t o  compile c r i t i c a l i t y  d a t a  f o r  uranium- 

plutonium systems us ing  t h e  wides t  range of v a r i a b l e s  ( i . e . ,  plutonium 

concent ra t ion ,  i s o t o p i c  compositions,  moderation, r e f l e c t i o n ,  i n t e r a c t i o n ,  

type  of chemical compound, e t c . )  p o s s i b l e  by t h e  t h e o r e t i c a l  a n a l y s i s  of 

experimental  d a t a  and t h e  a p p l i c a t i o n  of r e l i a b l e  computational techniques.  

The o b j e c t i v e  i s  t o  provide  a compilat ion t h a t  i s  no t  r e l a t e d  t o  s p e c i f i c  

process  opera t ions  o r  t o  s p e c i f i c  types  of  f u e l s ,  bu t  one t h a t  can 

c o n s t i t u t e  a b a s i s  f o r  e x e r c i s i n g  f u t u r e  op t ions .  

Task 12 .7  Nondestruct ive Assay of  F i s s i l e  Materials 

This t a s k  has  t h e  o b j e c t i v e  of developing nondes t ruc t ive  techniques 

f o r  determining t h e  f i s s i l e  conten t  of h igh ly  r a d i o a c t i v e  f i s s i l e  

materials. 

which has  been funded p r imar i ly  through t h e  USAEC Off i ce  of Nuclear 

Materials Safeguards,  should be  extended t o  systems conta in ing  i n t e n s e  

sources  of neut ron  and gamma r a d i a t i o n ,  The needed techniques inc lude  

those  f o r :  (1) assaying  spen t  f u e l  e lements ,  ( 2 )  assaying s o l i d  wastes 

from a f u e l  process ing  p l a n t ,  and ( 3 )  monitor ing process  v e s s e l s  f o r  

s u b c r i t i c a l i t y  . 

The work on t h e  assay of u n i r r a d i a t e d  f i s s i l e  materials, 

A r e l i a b l e  nondes t ruc t ive  technique  f o r  assaying  spen t  f u e l  elements 

would i n c r e a s e  t h e  f l e x i b i l i t y  of t h e  f u e l  processor  by minimizing t h e  

requirement f o r  equipment c leanout  between campaigns. Since the  tech- 

nique could permit  completion of t h e  f u e l  t r a n s f e r  c o n t r a c t  before  a c t u a l  

recovery of t h e  f u e l ,  t h e  processor  could recover  f u e l s  of  t h e  most advan- 

tageous type ,  r e g a r d l e s s  of t h e i r  o r d e r  of r e c e i p t  o r  p o s t i r r a d i a t i o n  

decay t i m e .  The t e c h n i c a l  and economic f e a s i b i l i t y  of  a l t e r n a t i v e  tech- 

n iques  f o r  t h e  nondes t ruc t ive  assay of  spen t  LMFBR f u e l  should be  s tud ied .  

The level of e f f o r t  i n  experimentat ion,  development, and des ign  should b e  

based on t h e  p o t e n t i a l  va lue  of t h e  technique and t h e  p r o b a b i l i t y  of 

success .  

Methods should be  developed f o r  t h e  assay  of s o l i d  wastes from f u e l  

processing p l a n t s ,  A complete material ba lance  and t h e  prevent ion of 



f i s s i l e  accumulations i n  f u e l  process ing  p l a n t s  r e q u i r e  t h e  assay of such 

wastes as chopped h u l l s ,  metal i n g o t s ,  and degraded i o n  exchange r e s i n s .  

Techniques t h a t  are being developed f o r  use i n  p l a n t s  f o r  process ing  f u e l s  

from l igh t -water  r e a c t o r s  should b e  modified and r e f i n e d  f o r  a p p l i c a t i o n  

t o  p l a n t s  f o r  process ing  LMFBR f u e l s .  

Monitors are needed t o  s i g n a l  t h e  accumulation of f i s s i l e  s o l i d s  i n  

process  v e s s e l s .  This  need w i l l  b e  e s p e c i a l l y  a c u t e  i n  LMFBR f u e l  proc- 

e s s ing  because of t h e  h igh  plutonium content  of t h e  f u e l  and t h e  p o s s i b i l -  

i t y  of plutonium polymerizat ion.  Process  v e s s e l s  t h a t  probably w i l l  

r e q u i r e  monitor ing (because of t h e  accumulation of f i s s i l e  s o l i d s  as 

undissolved f u e l ,  c ruds ,  o r  p r e c i p i t a t e s )  i nc lude  d i s s o l v e r s ,  feed  ad jus t -  

ment t anks ,  so lven t  e x t r a c t i o n  equipment, and evapora tors .  Neutron 

i n t e r r o g a t i o n  techniques should b e  i n v e s t i g a t e d  as p o s s i b l e  bases  f o r  

such moni tors .  

5 . 1 3  Engineering S tud ie s  - Task 13 

Cer ta in  engineer ing  s t u d i e s  are needed i n  a d d i t i o n  t o  t h e  s t u d i e s  

t h a t  w i l l  be  performed under t h e  t a s k s  prev ious ly  enumerated. These 

s t u d i e s  should be  concerned wi th  g e n e r a l  p l a n t  problems, and t h e i r  r e s u l t s  

should b e  used t o  guide  t h e  o v e r a l l  development e f f o r t .  

conceptual  s t u d i e s  r e l a t i n g  t o  in t e r im  f u e l  process ing  as w e l l  as t o  

long-term .processing should be  made. 

s t u d i e s  are as fol lows:  

I n  a d d i t i o n ,  

The s u b j e c t s  of t h e  proposed 

1. An in-depth review of a v a i l a b l e  f a c i l i t i e s  f o r  process ing  

of FFTF and e a r l y  demonstration r e a c t o r  f u e l s  should be  

made. This  review should determine what minimum modifi-  

c a t i o n s  w i l l  be  r equ i r ed  t o  allow t h e  process ing  of long- 

decayed f u e l .  

development e f f o r t  should be  poin ted  out .  

inc lude  t h e  means f o r  sh ipping  and r ece iv ing  these  f u e l s .  

The areas of u n c e r t a i n t y  r equ i r ing  a d d i t i o n a l  

This  s tudy  should 

2 .  The r e s u l t s  of a c r i t i c a l i t y  assessment ( see  Task 1 2 )  of t h e  

var ious  u n i t  ope ra t ions  and processes  i n c i d e n t a l  t o  LMFBR f u e l  



31 9 

recovery should be  s t u d i e d  f o r  t h e i r  o v e r a l l  impact on p l a n t  

design.  Study of t h e s e  r e s u l t s  w i l l  a l s o  p e r m i t  us t o  de t e r -  

mine whether a s i g n i f i c a n t  r e l a x a t i o n  i n  s i z e  o r  concent ra t ion  

limits might b e  a v a i l a b l e  through ex tens ion  of c u r r e n t  knowledge 

of p h y s i c a l  and chemical behavior .  

3 .  A s tudy  should be  made of t h e  a v a i l a b l e  information concerning 

plutonium polymer iza t ion  t o  i n d i c a t e  what changes i n  equipment 

des ign  o r  o p e r a t i o n a l  procedures  w i l l  b e  r equ i r ed  t o  avoid t h i s  

problem. 

4 .  A s tudy  t o  i n d i c a t e  t h e  r e l a t i o n s h i p  of o v e r a l l  f u e l  cyc le  c o s t  

t o  decay t i m e  should be  performed. 

area should b e  t h e  de te rmina t ion  of t h e  v a r i a t i o n  i n  p l a n t  c o s t  

wi th  t h e  a d d i t i o n  of p rov i s ions  f o r  gaseous f i s s i o n  product 

r e t e n t i o n  and of s p e c i a l  p rov i s ions  f o r  handl ing f u e l s  having 

high rates of decay h e a t  genera t ion .  

The primary e f f o r t  i n  t h i s  

5. A s tudy  should b e  made t o  determine t h e  containment requirements  

f o r  r a d i o a c t i v e  materials i n  LMFBR f u e l  recovery p l a n t s .  This  

s tudy  should cons ider  such p o s s i b l e  mechanisms f o r  release of 

r a d i o a c t i v e  materials as f i r e s ,  explos ions ,  and nuc lea r  excur- 

s i o n s .  

e x t e r n a l  events  such as ear thquakes and tornados.  

Sa fe  shutdown c a p a b i l i t y  should be  provided f o r  c r e d i b l e  

6.  A s tudy  should be  made t o  determine t h e  impact on o v e r a l l  i nves t -  

ment and process ing  c o s t  of v a r i a t i o n s  i n  t h e  n a t u r e  of equip- 

ment used f o r  recover ing  f i s s i l e  and f e r t i l e  materials from 

spen t  LMFBR f u e l s .  This  s tudy  should i n c l u d e  an eva lua t ion  of 

t h e  merits of continuous equipment f o r  c e r t a i n  opera t ions  t h a t  

have t r a d i t i o n a l l y  been ba tch  ope ra t ions  ( f o r  i n s t ance ,  t h e  

d i s s o l v i n g  ope ra t ion )  as w e l l  as t h e  e f f e c t  of  equipment 

phys i ca l  s i z e  and o t h e r  c h a r a c t e r i s t i c s  on o v e r a l l  p l a n t  c o s t .  

7. A s tudy  of t h e  requirements  f o r  source  and f i s s i l e  material 

a c c o u n t a b i l i t y  i s  needed. This  i n v e s t i g a t i o n  w i l l  r e q u i r e  

c o n s u l t a t i o n s  wi th  var ious  p rospec t ive  f u e l  owners and cu r ren t  



f u e l  processors ,  as w e l l  as wi th  government r egu la to ry  author- 

i t i e s ,  concerning t h e  means t h a t  are c u r r e n t l y  used and t h a t  

might poss ib ly  be  used i n  t h i s  type  of work. 

8 .  A s tudy  should be  made t o  a s c e r t a i n  t h e  most accep tab le  method 

f o r  recover ing  f u e l  from e a r l y  commercial r e a c t o r s .  This  

method should a l s o  be  t h e  most s u i t a b l e  one f o r  use during 

t h e  pe r iod  when a f a s t  b reede r  r e a c t o r  economy i s  developing. 

The purpose of t h i s  s tudy should b e  t o  determine how t h e  f u e l  

load  can b e s t  be  processed whi le  minimizing c a p i t a l  investment ,  

bu t  y e t  e s t a b l i s h i n g  a technology f o r  process ing  a f t e r  reduced 

decay pe r iods  wi th  r a p i d  throughput and wi th  t h e  prospec t  f o r  

c o s t s  t h a t  are compet i t ive  wi th  LWR process ing .  

, 9 .  An o u t l i n e  type  of conceptual  des ign  should be  prepared f o r  

a f a c i l i t y  t o  b e  used f o r  recover ing  l a r g e  amounts of f u e l  

from a mature f a s t  b reeder  r e a c t o r  complex. This conceptual  

des ign  should,  i n  e f f e c t ,  i n t e g r a t e  t h e  r e s u l t s  of  t h e  work 

performed under t h e  va r ious  o t h e r  t a s k s  and, i n  t u r n ,  i n d i c a t e  

t h e  magnitude of t h e  e f f o r t  r equ i r ed  t o  provide f a c i l i t i e s  f o r  

t h e  l a rge - sca l e  recovery of spen t  LMFBR f u e l s .  This  des ign  

should provide  an estimate of t h e  v a r i a t i o n  i n  o p e r a t i o n a l  c o s t  

as a func t ion  of decay t i m e  and throughput.  

10.  A s tudy  should b e  i n i t i a t e d  t o  determine t h e  economic v i a b i l i t y  

of an on - s i t e  process ing  f a c i l i t y  s e rv ing  a s i n g l e  "power park" 

t h a t  gene ra t e s  approximately 15,000 Mw(electrica1).  
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APPENDIX A :  CONCENTRATIONS, RADIOACTIVITY, AND THERMAL POWEB OF F I S S I O N  
PRODUCTS I N  THE CORE, AXIAL BLANKET, AND RADIAL BLANKET 

OF THE ATOMICS INTERNATIONAL REFERENCE OXIDE LME'BR ' 
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A I  REFERENCE O X I D E  LHFBK CORE 
POWER- 148.15 M W / M T *  BURNUP= 800010 HdD/MTv FLUX= 5.15E 1 5  N/CM**2-SEC 

NUCLIDE CONCENTRATIONS* GRAMS / M E T R I C  TON ( J + PU 1 
CHARGE D1 SCHARGE 300 O 900 D 1500 0 10960 0 109580 0 

KR 83 0.0 
K R  84 000 
KR 85 000 
38 85 000 
K R  85 000 
R8 87 000 
SR 88 000 
SR 89 O I O  

Y 89 0.0 
SR 90 000 
ZR 90 0.0 

Y 91 000 
Z R  9 1  000 
Z R  92  000 
ZR 93 000 
LR 94 000 
Z R  95 000 
NB 95 000 
HI) 95 0.0 
Z R  96 000 
MO 96 0.0 
HO 97 0.0 
no 98 000 
T C  99 000 
HOlOO 000 
RUlOO 000 
RUlOl  000 
RU102 000 
RUlO3 0.0 
RH103 000 
RUlO4 0.0 
PO105 000 
RU106 0 - 0  
PO105 0.0 
PO107 000 
PD108 000 
AGlO9 000 
C D l l O  000 
C D l l l  000 
CD112 000 
58121 0.0 
58125 000 
SN126 000 
TE127k 000 

1127 000 
TE128 0.0 
TE129M 0.0 

1 0 6 1 €  02 1 0 6 l E  02 1061E 02  1061E 02  1.61E 02 1.61E 02 
2o78E 02 2078E 02 2078E 02 2o78E 02 2o78E 02 2o78E 02 
6o35E 01  6.31E 01 6025E 01  6018E G l  5.236 01 9 o 1 9 E  00 
1e03E 02 1o03E 02 1004E 02 1oO5E 02 1o14E 02 1057E 0 2  
2049E 02 2049E 02 2o49E 02 L o 4 9 t  02  2o49E 02 2o49E 02 
3o07E 02 3007E 02 3007E 02 3007E 02 3oG7E G2 3007E 02 
4o73E 02 4073E 02 4o73E 02 4o73E 02 4o73E 02 4073E 02 
7o92E 01  5o3 lE  01 2e39E 01 l o O 7 f  0 1  3o58E-05 000 
4o92E 02 5019E 02 5e48E 02 5o61E 02 5.726 02 5072E 02 
7o28E 0 2  7027E 02 7024E 0 2  7o21E 02 6076E 02 3o47E 02 
1o37E 01 l o 5 2 E  01 1082E 01  2o11E 01  6o57E 01 3o95E 02 
1026E 02 8.88E 01 G038i i  01  2.1OE 01  3.11E-04 0.0 

1006E 03 1006f 03 1006E 0 3  1006E 03 1006E 03 1006E 03 
6o80E 02 7017E 02 7 0 6 3 t  02  7o85E 02 8.06E 02 8006E 02 

1o33E 03 1033E 03 l o 3 3 E  03 1o33E 03 1.33E 03 1o33E 03 
1 o 5 l E  03 1o51E 03 1.51E 0 3  1o51E 03 1051E 03 l o51E 0 3  
3033E 02 2042E 02 1.27E 0 2  6.72E 01 2o81E-03 000 
1077E 02 1066E 02 1 0 1 3 E  02 6o77E 01  3o27E-03 000 
1039E 03 1.50E 03 1066E 03 1077E 03 lo9OE 03 1090E 03 
1o77E 03 1077E 03 l o 7 7 E  03 l o 7 7 E  03 Ao77E 03 1.77E 03 
3o39E 01 3040E 0 1  3o40E 01 3o4OE 01 3 o 4 0 E  01 3o40k 0 1  
2041E 03 2041E 03 2041E 03 2o41E 03 2o41E 03 2o41E 0 3  
2o07E 03 2007E 03 2o07E 0 3  2o07E 03 2o07E 03 2oD7E 03 
2.03E 03 2010E 03 2olOE 0 3  2olOE 03 2010E 03 2010E 03 
2o46E 03 2o46E 0 3  2o4OE 03 2046E 03 2o46E 03 2o46E 03 
5 o 3 l E  01 5o31E 01 5.31E 01  5.31E 01 5o31E 01 5o3 lE 0 1  
2000E 0 3  2o00E 03 Z o O O E  03 2o00E 03 2o00E 03 2oOOE 0 3  
2o26E 03 2026E 03 2026E 03 2o26E 03 2026E 03 2026E 03 
2.24E 02 l e 3 2 E  02 4063E 01 1o62E 01 1004E-C6 0.0 
l o8BE 03 1097E 03 2o05E 03 200dE 03 2o10E 03 Z o l O E  03 
2013E 0 3  2o13E 03 2o13E 03 2.13E 03 2o13E 03 2o13E 0 3  
1.36E 03 1o37E 03 1o37E 0 3  1o37E 03 1.37E 03 lo37E 03 
1.02E 03 9.63E 02 8 .60E 02 7-63E 02 1 0 2 9 E  02 1.05E-06 
6o75E 02 7o31E 02 8035E 02 9o27E 02 Lo576 03 1069E 03 
1.24E 0 3  1024E 03 1024E 03 1024E 03 1024E 03 1024E 03 
7096E 02 7096E 02 7096E 02 7.96E 02 7096E 02 7096E 02 
9o36E 02 9038E 02 9038E QZ 9o38E 02 9038E 02 9o38E 02 
4097E 01 4097E 01 4099E 61 5o00E 01  5o06E 01 5o07E 0 1  
l o 5 4 E  02 1o57E 02 1o58E 02  lo58E 02 1o58E 02 lo58E 02 
9 0 6 5 E  01 9068E 01 9068E 01 9.6aE 01 9068E 01 9068E 01 
3 . 0 8 ~  01 3 . 0 9 ~  01 3 . 0 9 ~  01 3 . 0 9 ~  01 3010E 01 3 . i a ~  01 
4078E 01 4080E 01 4 0 6 l E  0 1  4042E 0 1  2o28E 01 2o22E-02 
1055E 02 1055E 02 1o55E 02 1o55E 0 2  1.55E 02 1o55E 02 
1093E 01 1066E 01 1013E 01 7o7ZE 00 lo&8E-C2 000 
2e85E 02  2092E 02 2097E 02  3000E 02 3o08E 02 3o08E 02 
4007E 02 4oOBE 02 4 0 0 8 E  02 4.08E 02 4o08E 02 4008E 02 
2 o 7 4 E  0 1  1o50E 01 4040E 00 1030E 00 5046E-09 000 
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A I  REFERENCE OXIDE LMFbA CORE 
POrlEH= 148.15 M W / M T *  BURNUP= 800310 MrJD/MTv FLUX= 5 0 1 5 f  1 5  N/CM**2-SEC 

NUCLIDE CONCENTkATIONS. GRAMS / M E T K I C  T W  t U + PU 1 
CHARGE DISCHARGE 30. D 90. 0 150. D 1096. 0 10958. D 

I 1 2 3  0.0 
TE130 0.0 
KE130 0.0 
XEl31 0.0 
XE132 0.0 
tS133  0.0 
XE134 0.0 
CS134 0.0 
BA13'+ 0.0 
CS135 0.0 
XE136 0.0 
EA136 0.0 
CS137 0.0 
BA137 0.0 
t3A138 0.0 
LA139 0.0 
BAL40 0.0 
CE140 0.0 
LE141 0.0 
PK141 0.0 
LE142 0.0 
ND142 0.0 
PR143 0.0 
ND143 0.0 
GE14% 0.0 
YO144 0.0 
NO145 0.0 
YO145 0.0 
PH147 0.0 
SM147 0.0 
ND148 0.0 
SM148 0.0 
SH149 0.0 
NO150 C O O  
SM15O 0.0 
SM151 0.0 
SM152 0.0 
EU153 0.0 
SM154 0.0 
EU154 0.0 
EU155 0.0 
GD155 0.0 
;I3155 0.0 
GO157 0.0 
CD159 0.0 
TB159 0.0 
3 Y l 6 l  0.0 
SUBTUT 0.0 

TOTALS 0.0 

7.96E 02 8.08E 02 8.19E 02 8022f 02  8o23E 02 8023E 0 2  
8.84E 02 8.84E C2 a.84E 02 8.84E 02 8.84E 62 8 0 6 4 E  02 
2.58f 01 2058E 01 2 0 5 8 E  0 1  2 . 5 3 E  01 2058E 01 2.58E 0 1  
1.62E 03  1.66E 03  1 o 6 6 E  03 1.66E G 3  1.666 03 i 066E 03 
2.36E O ?  2.38E 03 2.38E 03 2.38E 0.3 2.38E 03 2.3BE 0 3  
2.93E 03 3 0 0 4 t  03 3.05E 0 3  3.05E 03 3005E 03 3e05E 03 
3 0 3 5 f  03 3035E 03 3035E 03 3035E 03 3035E 03 3035E 03 
6.04t 01 5.87E 01 505OE 01 5.26E 0 1  2.19E 01 2.43E-03 
1.04E 01 1.20E 01 1.SZE 01 l.82E Oi 4.89E 01 7.08E 0 1  
3o25E 03  3.25E 03 3o25E 03 3.25E 03 3.25E 03 3.25E 0 3  
2o96E 03  2096E 03 2.96E 03 2.96E 03 2096E 03 2096E 0 3  
3.15E 01 9055E 01 90O4t  01 9.65E 01 9065E 01 9.65E 0 1  
3-06: 03 3005E 03 3004E 0 3  3003E 03 2.85E 03 1.53E 0 3  
5.23C 01 5.81E 01 6096E 0 1  8012E 01 2.57E 02 1o58E 0 3  
2.9Sf 03  2.96E 03 2.36E 03 2.96E 0 3  2.96E 03 2096E 03 
2.77E 03 2.77E G3 L 0 7 7 f  0 3  2.77E 03 2m77E 03 2.77E 0 3  
6.72E 01 1.72E 01 6067E-01 2.59E-02 0.0 0 .O 
2.96E 03 3.04E 03 3.06f 03  3.06E 03 3.06E 03 3006E 03 
2.36E 0 2  1.25E 02 3.46E 01  9058E 00 1.56E-Od 0.0 
2.49E 03 2060E 03 2.69E 0 3  2.726 0 3  2.73f G3 2.73E 0 3  
2041F: 03 2.41E 03 2.41t 03 Z o 4 1 E  03 2.416 03 2.41E 0 3  
1 . 2 4 E  01  1.25E 01 1.25E 01 1.25E 01 1025E 01 1.256 0 1  
9057E 01 2.78t 0 1  1.33t 00 6.41E-02 1.05E-22 0.0 
2.41E 03  2.50E 03 2053E 0 3  2 . 5 3 E  0 3  2.53E 03 2.53E 0 3  
1.04E 03 9067E 02 8.36k 02 7.22f 02  7.17E 01 2.53E-09 
9094E 02 1.07E 03 1.20E 03 1.31E 03 1096E 03 2.03E 03 
1.55E 03 1.55E 03 1 . 5 5 E  03 1055k 03  1 . 5 S k  03 1.55E 0 3  
1.45E 03 1.45E 03 1.45E 0 3  1045k 0 3  1.45E 03 1045E 0 3  
8075E 02 8085E 02 8.53E 02 8016E 02 4 0 l l E  02 3025E-01 
1.74t: 02 1.93E 02 2.31E 02  2.63E C2 6.73E 02 lmO8E 0 3  
9.00E 02 9.00E 02 9.00E 02 9.00E 02  9000E C2 9000E 02 
8 0 3 S E  01 3.81E 01 9.14E 01  9.27E 01 9034E 01 9034E 0 1  
6.62E 02 6.67E 02 6.67f 02 6.67E 0 2  6.67E 02 6.67E 02  
5.30E 02 5.30E 02 5030E 02 5.30E 0 2  5030E 02 5030E 0 2  
5.36E 0 1  5036E 01  5.36E 0 1  5.35E 01 5036E 01 5.36E 01 
4.OlE 02 4.02E 02 4.02E 02  4.01€ 02  3.936 02 3.1'7E 02  
3.66E 02 3.66E 02 3066E 02  3.66E 02  3 0 t O E  02 3066E 02  
1.77E 02 1.78E 02 1.78t 02 1076E' Q Z  1 0 7 8 E  02 A078E 02 
1.47f 02 1.47E 02 1.476 02  1 0 4 7 t  02  1047E 02 1047E 02  
1.74E 01 1.74fr 01 1.73E 01 1.71E 01 1.53E 01 4075E 00 
1.64E 0 2  1.59E 02 1.49E 02. l.4OE 02  5.19E 01 1.68E-03 
4.76E 01 5026E 01 6.23E G 1  7 . 1 l t  01 1 0 5 9 E  02 2011E 02  
1.19E 02 1.23E 02 1024E 02  1.24E 02 1024k 02 1024E 0 2  
7.04E 01 7005E 01 7035E 0 1  7.05E 0 1  7.05E 01 7oOSE 0 1  
1.97E 02 1.97E 02 1.97E 02  1.37F; 02  1.37E 02 1.97E 02  
9.71f 0 1  9074E 01 9.746 01 9074E O i  9074E 01 3074E 0 1  
1.96E 01 20OOE 01 2000E 01 20OOE (3.1 i.CO€ 01 2000E 0 1  
8.43E 06 8.45E 04 8.46E 04 8.4SE 04 8.45E C4 8044E 0 4  

8047E 04 8.47E 04 8047E 0 4  8 0 4 7 E  0 4  8.47E 04 8047E 0 4  
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4 1  REFEHENCE O X I D E  LNFBR CORE 
POVJEK= 148.15 M'rJ/r\lTs BURNUP= 80001. MrlD/HT# FLUX= 5.15E 1 5  N/CH**Z-SEC 

ELEMENT CONCENTHATIONSs GRAMS / # E T K I C  TOl\l FUEL CHARGED TO REACTOK 
CHARGE DISCHARGE 30. D 90. 0 150. D 1096. 0 10958. 0 

n 
ZN 
G A  
GE 
4 s  
S E  
t)R 
KR 
R B  
SR 

Y 
Z R  
NB 
HO 
T C  
HU 
RH 
PD 
Ai; 
,n 
IN 
SN 
S B  
TE 

I 
X E  
c s  
t3A 
LA 
CE 
PK 
N D  
PM 
SI4 
E l l  
20 
T B  
D Y  
40 
E R  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0. C 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

T O T A L S  0.0 

2.42L-01 2.4LE-01 2. 38E-01 2036E-01 2.04E-01 4046E-02 
1 .40 t -03  3.05E-08 1.45E-17 0.0  0.0 0.0 
4o26fi-04 1.33E-08 6.31E-18 0.0 0.0 0.0 
3.53F-01 3.57E-01 3o57E-01 3.57E-01 3o57E-01 3.57E-01 
2064E-02 2.58E-02 2.58E-02 2058E-02 2.56E-02 2.586-02 
9.69E 00 9.69E 00 3.69E 00 9069E 00 9069E 00 9069E 00 
3 . 3 4 ~  00 3 . 2 ~ ~  00 3 . 2 8 ~  00 3 . 2 8 ~  00 3 . 2 8 ~  00 3 . 2 8 ~  0 0  
7.51E 02 7.51E 02 7.50E 02 7.50E 02 7.40E 02 6.97E 02 
4010E 02 4.11E 02 4.11E 02 4012E 0 2  4o22€ 02 4o65E 02 
1.29E 03 1.25E 03 1022E 03 1.21E 0 3  1015E 03 8022E 02 
5021E 02 6.08k 02 5092E 02 5083E G 2  5.72E 02 5072E 02 
6.69E 03 6.64E 03 6.57E 03 6.54k 03 6.54E 03 6087E 03 
1 .79 t  02 1.66E 02 1.14E 02 6.78k 01 5056E-03 1.88E-02 
9.38E 03 8047E 03 8064E 0 3  8074E 03  8088E 03 8088E 03 
2.09E 03 Z o l O E  03 2010E 03 2.13E 0 3  201OE 03 2010E 03 
7.69E 03  7055E 03 7036E 03 7024E 0 3  6.58E 03 6045E 03 
1.88E 03 1.97E 03 2.05E 03 2008E 03 Z o l O E  03 2.1OE 03 
4.OaE 03 4.14E 03 4.25E 0 3  4034E 03 4.S8E 03 5.1OE 03  
9.41E 02 9039E 02 9039E 02 9039E 02 9038E 02 9038E 0 2  
3 .21 t  02 3024E 02 3o25E 02 3.25E 02 3025E 02 3024E 02 
4o18E 00 4.22E 00 4.256 00 4 0 2 7 t  00 6045E 00 5041E 00 
1.85E 02 1.84E 02 1.64E 02 1.84E 02 1083fi 02 1.83E 02 
3.50F 01 8.15E 01 7.96E 01 7078k 01 5065E 01 3045E 0 1  
1.37E C3 1.34E OS 1.32E 0 3  1032E 0 3  1 0 3 3 E  03 1035E 03 
1012E 03 1.10t 03 1012E 0 3  1012E 03 1013E 03 1013E 0 3  
1.04E 0 4  1.04E 04 1.04E 04 leO4E 0 4  1004E 04 1.04E 04 
3 0 3 7 E  03 9.41E 03 9.40E 03 9.38E 03 9.18E 03 7083E 03 
3.20E 03 3.14E 03 3.14E 03 3015E 03 3.366 03 4070E 03 
2.78ii 03 2.77E 03 2.776 03 2077E 03 2077E 03 2077E 03 
6066E 03 60SbE 03 bo34E 03 6021E 03 5.55L: 03 5.47E 0 3  
2.59E 03 2.63t 03 2.70E 03 2.7LE 03 2.736 03 2073E 03 
7.87E 03 8oOlE 03 8.16E 03 8.28E 03 8.93E 03 9000E 0 3  
9.90E 02 8.90E 02 8054E 02 8.17E 02 4.11E 02 3.25E-01 
1.89€ 03 1.92E 03 1.96E 03  1.99E 03 2.39E 03 2.73E 03 
3067E 02 3059E 02 3.48E 02 3039E 02 2.576 02 2.71€ 02 
4.47E 02 4o56E 02 4067E 02 4076E 02 5.62t 02 6024E 02 
l . O l E  02 9097E 0 1  9087E 01 9081E 01 9074E 01 9.74E 0 1  
3.61E 01 3.76E 01 3.92E 01 + O O Z E  0 1  4044E 01 4051E 01 
5.76E-01 5.75E-01 5.75E-01 5.75E-01 5.75E-Cl 5.75E-01 
4 . 0 4 ~ - 0 1  ~ . O ~ E - O L  4 . o a ~ - o i  4 . 0 8 ~ - 0 1  4 .08~-01  4 .08~-01 

9,476 0 4  8047E 04 8047E 0 4  8 0 G 7 t  04 6.47E 04 8047E 04 



A I  REFERENCE O X I D E  LMFBR CORE 
POWER= 148.15 M r l / M T p  BURNUP= 80001. MilU/MT, FLU%= 5.15E 1 5  N/CH**2-SEC 

NUCLIDE R A D I O A C T I V I T Y t  CURIES / M E T R I C  TON ( LJ + PU 1 
CHARGE 01 SCHARGE 30. D 90. 0 150. 0 1096. 0 10958. D 

H 3 0.0 
K R  85 0.0 
RB 85 0.0 
SR 89 0.0 

.SR 90 0.0 
Y 90 0.0 
Y 9 1  0.0 

Z R  93 0.0 
N8 93M 0.0 
Z R  95 0.0 
NB 95M 0.0 
;u0 95 0.0 
MO 99 0.0 
T C  99H 0.0 
T C  99 0.0 
RU103 0.0 
RH103M 0.0 
RH105 0.0 
RU106 0.0 
RHlO5 0.0 
A G l l O M  0.0 
4G110 0.0 
A G l l l  0.0 
CD113M 0.0 
IN114M 0.0 
IN114  0.0 
CD115M 0.0 
t.3115 0.0 
IN115M 0.0 
SN117M 0.0 
S N l l 9 M  0.0 
SNl2 lM 0.0 
58122 0.0 
SN123M 0.0 
TE123H 0.0 
S0124 0.0 
SN125 0.0 
SB125 0.0 
TE125M 0.0 
SN12S 000 
SB126M 0.0 
58125 0.0 
S0127 0.0 
TE127M 0.0 
TE127 0.0 
TEl29M 0.0 
TE123 0.0 

2.34f 03 2.33€ 03 2.31f 0 3  2.29E 03 1.98k 03 4032E 02 
2.48E 04 2.47E 0 4  2044E 0 4  2.42E 04 2a05E 04 3.59E 0 3  
8s15E 03  2.67E 03 2088E 02 3.1OE 01 1.76E-14 0.0 
2.24E 06 1.50E 06 6.74E 05 3003E 05 1.01E 00 0.0 
1.03E 0 5  1.03E 05 1002E 0 5  1002E 05  9056E 04 4.91E 04 
1.06E 05 1.03E 05 1002E 05  1 .02€ ,05  9057E 04 4.91E 0 4  
3.08E 06 2.17E 06 1.07E 06  5o27E 05 7060E 00 0.0 
3.4OE 00 3.40E 00 3040E 00 3.40E 00 3.40E 00 3040E 00 
1.24E-01 1.38E-01 1. 65E-01 1.32k-01 5.89E-01 2.69E 00 
7.03E 06  5o11E 06 2 0 6 9 E  0 6  1.42E 0 6  5094E C 1  0.0 
1.41E 05 1.08E 05 5074E 04 3mO2E 0 4  1.26E 00 1.83E-12 
6.97E 06 6.52E G6 4045E 06  2.66E 06  1.28E 02 0.0 
7.45E 06 4034E 03 1047E-03 4099E-10 0.0 0.0 
6.48E 06 4.15E 03 1.41E-03 4077E-10 0.0 0 .o 
3055E 01 3059E 01 3059E 01 3059E 01 3059k 01 3.58E 0 1  
7.16E 06 4.24E 06 1.48E 06 5.18E 05  3.34E-CZ 0.0 
7.16E 06 4.24E 06 1 0 4 8 E  06  5e19E 05 3034E-02 0.0 
4o76E 06 4037E 00 3.68E-12 0.3 0.0 0 00 
3.42E 06 3s23E 06 2089E 06 2.53€ 06  4.32E 05 3.52E-03 
3s42E 06 3.23E 06 2.89E 0 6  Z o S B E  06 4.32E 05 3.52E-03 
4 0 6 5 E  03 4.28E 03 3.636 03 3.08E 0 3  2.31E 02 4o25E-10 
3.23E 05 5.57E 02 4.72E 02 4.01E 02 3.00E 01 5.526-11 
5.06E 05 3.17E 04 1.24E 02 4.83E-01 0.0 0.0 
3.41E 02 3.40E 02 3.37E 02 3 0 3 4 E  02 2094E 02 7.736 01 
5.92E 00 3.90E 00 1.70E 00 7.39E-01 1.49E-06 0.0 
1.01€ 01 3077E 00 1064E 00 7.14f-01 1.44E-06 0.0 
9.52E 02 5.87E 02 2.23E 0 2  8048E 0 1  2.02E-C5 0.0 
1.31E 04 1.17E 00 9o27E-09 7032E-17 0.0 0.0 
1.31E 04 1.28E 00 1.OlE-08 7.9YE-17 0.0 0.0 
5055E 00 1.26€ 00 6.44E-02 3030E-03 0.0 0.0 
5.01E 01 4.61E 01 3090E 01 3030E 01 2040E 00 3.19E-12 
1.41E 02 1 o 4 1 E  02 l o 4 l E  02 I o G l E  02 1.37E 02 1.07E 0 2  
4030E 03 2056E 00 9.07E-07 3021E-13 0.0 0.0 
2.06E 03 1.75E 03 1.25E 03 8.98E 0 2  4073E 00 0.0 
9.49E 00 7.94E 00 5.576 GO 3.9dE 00 1.44E-02 0.0 
2.43E 02 1.72E 02 80trOE 0 1  4.30E 01 7.76E-C4 0.0 
1.53E 05  1.67E 0 4  2000E 02 2040E 00 0.0 0 00 
5.07E 04 5.09E 04 4089E 0 4  4.6YE 04 2.4lE 04 2.35E 01  
1 .70 f  04 1.79E 04 1.67E 0 4  1.87E 04 9o90E 03 9074E 00 
4.40E 00 4.40E 00 4.40E 00 4040E 00 4.40E 00 4040E 00 
5.05E 03 4.40E 00 4040E 00 4.40E 00 4.4OE 00 4o4OE 00 
l r 0 2 E  04 1.94E 03 7038E 01 6 0 8 5 k  00 4036E 00 4036E 00 
8.46E 0 5  4.04E 03 8088E-02 10956-06  0.0 0.6 
1.82E 05 1056E 05 1.07E 05 7.29E 0 4  1.78E 02 0.0 
8039E 05  1.58E 05 1.05E 05 7.20€ 04 1.76E 02 1.53E-05 
8.17E 05 4046E 05 1.31E 0 5  3.86E 0 4  1.63E-04 0.0 
1.96E 06 2086E 05 8041E 0 4  2.47E 0 4  lo04E-04 0.0 
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A I  REFERENCE O X I D E  LMFBR CORE 
POOER= 148.15 MW/#T* BURNUP= 80001. PlkD/MT*  FLUX= 5.15E 1 5  N/CM**Z-SEC 

YUCLIDE RADIOACTIVITYI CURIES / M E T F t I C  TUN U + PU ) 
CHARGE DISCHAKGE 3c. D 90. 0 150. I) 1096. 0 10958. D 

1129 0.0 
I 1 3 1  0.0 

XEA3lM 0.0 
TE132 0.0 

1132 0.0 
XE133H 0.0 
XE133 0.0 
CS134 0.0 
CS135 0.0 
CS136 0.0 
CS137 0.0 
EA137M 0.0 
EA140 0.0 
LA140 0.0 
CE141 0.0 
:E143 0.0 
Pk143 0.0 
tE144  0.0 
PR144 0.0 
NO147 0.0 
PM147 0.0 
PMl4RM 0.0 
PM148 0.0 
PM149 0.0 
SM151 0.0 
EU152 0.0 
SM153 0.0 
GD153 0.0 
EU154 0.0 
EU155 0.0 
EU155 0.0 
TBlSO 0.0 
18161 0.0 
GO142 0.0 
TB152M 0.0 
DY166 0.0 
H0166 0.0 
SUBT3T 0.0 

T O T A L S  0.0 

1.30E-01 1.32E-01 1.34E-01 1.34C-01 1.34E-01 1034E-01 
4.32E 06 3.36E 05 1.92E 03 i.09E 0 1  0.0 0.0 
4.526 04 1.51E 04 5.81E 02 1.79k 01 0.0 0.0 
6006E Ob 1.01E 04 2.88E-02 8.20E-08 0.0 0.0 
60ORE 06 1.04E 04 2.96t-02 8045E-08 0.0 0.0 
1.98E 05 2.97E 01 3.03E-07 3009E-15 0.0 0.0 
7.91E 06 1.81E 05 6.75E 01 2.52E-02 0.0 0.0 
7 0 8 6 i  04 7.65E 04 7.24E 04 6084E 04 2.85E 04 3.16E 00 
2.87E 00 2.87f 00 2.87E 00 2.87E 0 0  2.87E 00 2.87E 00 
3.65E 05 7.38E 04 3.01E 0 3  1.23E 02 0.0 0.G 
2.66E 0 5  2.66E 05 2.65E 0 5  2.64E 0 5  2.48E 05 1.33E 0 5  
2.49E 0 5  2.48E 05 2.47E 0 5  2.45E 05 2.32E 05 1.24E 0 5  
6036E 0 6  1.25E 06 4.86E 04 1.89t 0 3  0.9 0.0 
6.60E 06 1e44E 06 5.60E 04 2.17E 0 3  2.17E-15 0.0 
6.75C C6 3057E 06 Y.83E 05 2m74E G5 4.45E-04 0.0 
3036E 06 1.73E 00 1.27E-13 0.0 0.0 0 00 
6.38E 06 1085E 06 d.90t  04 4.27E 03 6099E-18 0.0 
3.32E 06 3.09E 06 2.67E 06  2m31t (i6 2.29E 05 8.G7E-06 
3048E 06 3.09E 06 2.67E 06  2.31E 0 6  2.2YE 05 8.07E-06 
2.83E 06  4.34E 05 1002E 04 2.42E 02 0.0 0.0 
8012E 05 8 . 2 2 E  05 7.92E 05  7058E 0 5  3.826 C5 3.02E 02 
1.77E 05 1.03E 05  4.00i: 04 1.49E 04 LmS7E-03 0.0 
2e10E 05 1023E 04 3.22E 0 3  1.19E 03 1.98E-G4 0.0 
1.7OE 06 1m46E 02 1.00E-06 6.89E-15 0.0 0.0 
1.09E 04  1 . 0 3 ~  04 1.09i G4 1 . 0 9 ~  04 1.07E 04 8 . 6 2 ~  03  
2.5AE 0 1  2.57E C 1  2.54t 01  2.52E 0 1  2.17E 01 4.56E 00 
4.70€ 05 1.16E 01  6.94E-09 0.3 0. c 0 00 
1.45E 00 1.33E 00 1.12E 00 9044k -01  6028E-02 3039E-14 
2.536 03 2052E 03 2.50E 03 2.C9E 03 2022E 03 6090E 0 2  
2.09t 05  20G2E G5 1.90E 0 5  1.78E 0 5  6.62E G4 2.14E 00 
3.04E 05 7076E 04 4085k 0 3  3033E 02 3.14E-17 0.0 
3.41E 0 4  2.56E 04 1.44E 04 8.07E 03 9.06E-01 3.0 
4.74F 04 2.33E 03  5.61E 00 1.35E-02 0.0 0 00 
1021E 04 1.15E 04 A 0 0 2 E  0 4  9 0 1 3 k  03 1052E 03 1.13E-05 
1.21E 0 4  1.15E 04 1.02E 04 9.i3E 0 3  1.52E 03 1.A3E-05 
7.10E 02 1.55E 00 7056E-06 3.6EE-11 0.0 0 .o 
9.56E 02 2.32E 00 1.13E-05 5.49E-11 0.0 0.0 
1.37E 08 4.90E 07 Z . b 6 €  07  1081E 0 7  2054E 06 3070E 0 5  

6021E 08 4.90E 07 2066E 0 7  1.82k 07 2.54E 06 3070E 05 
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A I  REFERENCE O X I D E  LMFBR CORE 
POWER= 148.15 MW/MT, BURNUP= 80031. #YD/HTI  FLUX= 5.15E 1 5  N/CM**Z-SEC 

NUCLIDE THERMAL POWEKI WATTS / M E T R i C  TON ( il + PU J 
CHARGE 01 SCHARGE 30. 0 90. 0 150.  D 1096. 0 10958. D 

KR 85 0.0 
Rt3 86 0.0 
SR 89 0.0 
S R  90 0.0 

Y 93 0.0 
Y 9 1  0.0 

Z K  95 0.0 
NS 95M 0.0 
NB 95 0.0 
MU 99 0.0 
T C  99M 0.0 
RU103 0.0 
RHlO3M 0.0 
RUlG6 0.0 
RH106 0.0 
A G l l O M  0.0 
A G l l O  0.0 
A G 1 1 1  0.0 
CD113H 0.0 
i 0115M 0.0 
Sh121M 0.0 
SN123M 0.0 
SB124 0.0 
SN125 0.0 
S 8 1 2 5  0.0 
TE125Pl 0.0 
SB126 0.0 
SO127 0.0 
TEl27M 0.0 
TE127 0.0 
TE129M 0.0 
T E 1 2 3  0.0 

I 1 3 1  0.0 
XE131M 0.0 
TE132 0.0 

I 1 3 2  0.0 
X E 1 3 3  0.0 
CS134 0.0 
CS136 0.0 
CS137 0.0 
BA137M 0.0 
BA,l40 0.0 
LA140 0 . 0  
LE141 0.0 
PK143 0.0 
:E144 0.0 
PR144 0.0 

3.99E 01 3.97E 01 3.92E 01 3.88E 01 3m29E 01 5.77E 00 
3.83E 01 1e26E 0 1  1.35E 00 l . 4 6 t - 0 1  6026E-17 0.0 
8.04E 03 5.39E 03 2m42E 03  1.09E 03 3.64E-03 0.0 
1.34E 02 1.34E 02 1.33E 02 1.33E 02 1.25E 02 6.41E 01 
6e09E 02 5.88E 02 5.86E 02 5.83E 02 5.47E 02 2.81E 02 
1.17E 0 4  8.25E 03 4*07E 0 3  2.01E 0 3  2.89E-02 0.0 
3.68E 04 2.67E 04 l.41E 04 7.44E 03 3 e l l E - 0 1  0.0 
1.96E 02 1.51E 02 8 e O O E  01 4.ZOE 01 1.76E-03 2.55E-15 
3.34E 04 3.13E 0 4  2.14E 0 4  1.28E 04 6.16E-01 0.0 
3.35E 0 4  1.95E 01 6.6lE-06 2.24E-12 0.0 0 .o 
5.50E 03 3.52E 00 1.19E-06 4.04E-13 0.0 0.0 
2.34E 0 4  1.38E 04 4.84E 0 3  1.63E 03 1.09E-04 O m 0  
1.70E 03 l a d l E  G3 3.526 02 1.25E 02 7.92E-06 0.0 
2.03E 02 1e92E 02 1.71E 02 1.53E 02 2m56E 01 2.08E-07 
3.31E 0 4  3.12E 0 4  2.79E 0 4  2.49E 0 4  4.17E 03 3.40E-05 
7.50E 01 6.91E 01 5.86E 01 4.97E 01  3.72E 00 6.85EJ12 
2.34E 03 4*04E 00 3.43E 0 0  2.91E 00 2.18E-01 4e01E-13 
1.21E 03 7.58E 01 2.96E-01 1.16E-03 0.0 0.0 
4.51E-01 4.49E-01 4.46E-01 4.42E-01 3.89E-01 1002E-01 
3.87E 00 2.39E 00 9.08E-01 3.45E-01 8.23E-08 0.0 
1.48E-01 1.48E-01 1.48E-01 1.48E-01 1.44E-01 1.13E-01 
7.03E 00 5.96E 00 4.27E 00 3e06E 00 Aa61E-02 0.0 
3.29E 00 2.33E 00 1.16E 00 5.31E-01 1.05E-05 0.0 
3.25E 02 1.01E 02 1.21E 00 1.45E-02 0.0 0.0 
1.70E 02 1.71E 02 1.64E 0 2  lm57E 02 8.09E 01 7e89E-02 
1.46E 01 1.54E 01 1.61E 01 1 e 6 0 t  01 8.51E 00 8.37E-03 
1.12E 02 2.13E 01 8.09E-01 7.51E-02 4.78E-02 4.78E-02 
4.65E 03 2.22E 01 4088E-04 1.07E-08 0.0 0.0 
1.00E 0 2  8.61f 01 5.88E 01  4.02E 01 9.8OE-CZ 0.0 
1.37E 03 2.57E 02 1.72k 02 1.17t 02 2.87E-01 2.50E-08 
1.62E 03 8.82E 02 2.60E 02 7.64E 01 3.22E-07 0.0 
7.13E 03 1.04E 03 3e05E 02 8.97E 01 3.78E-07 0.0 
1.78E 0 4  1.38E 03 7e89E 00 4.50E-02 0.0 0.0 
4.39E 0 1  1.47E 01 5.65E-01 l.74E-02 0.0 0.0 
8.26E 03 1.38E 91 3.92E-05 1.12E-10 0.0 0 .o 
9.73E 04 1.67f 02 4.75E-04 1.35E-09 0.0 0.0 
B . 5 4 E  03 1o95E 02 7028E-02 2.72E-05 0.0 0.0 
8.25E 02 8.02E 02 7.59E 02 7.18E 02 2.99E 02 3.31E-02 
5.65E 03 1.14E 03 4e66E 01 1.93E 00 0.0 0.0 
4.31E 02 4.30E 02 4.28E 02 4.266 02 4e02E 02 2.15E 0 2  
9.76E 02 9.74E 02 9.71E 02 9.67E 02 9.11E 02 4.88E 02 
2.15E 04 4.23E 03 1.64E 0 2  6.35E 00 0.0 0 .o 
l . l O E  05  2.39E 04 9.29E 02 3.5OE 01 3.60E-17 0.0 
1.33E 04 7.02E 03 1.95E 03 5.39E 02 8.76E-07 0.0 
1.38E 0 4  4.02E 03 1.93E 02 9.27E 00 lo52E-20 0.0 
2.92E 03  2.71E 03 2.34E 0 3  2.02E 03  2.01E 02 7.08E-09 
2.59E 04 2.30E 04 1.99E 04 l e 7 2 E  04 1.70E 03 6.00E-08 
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AX REFERENCE O X I D E  LiYFBR CORE 
POWE3= 148.15 M M / M T c  BURNUP= 80001. MHU/MT, FLClA= 5 r l S f  1 5  N/CM**2-SEC 

\IUCLIDE T H E R M A L  P3WER. dATTS / M E T R I C  T3N ( U + PU ) 

UD147 0.0 7.91E 03  1022E 03 2087E Oi 6.77E-01 0.C 0.0 
PM147 0.0 4.19E 0 2  4024E 02 +.OBE 0 2  3.91E 02 1.97E 02 1.56€-01 
PM14BM 0.0 2.24E 03 1.37E 03 5.08E 02 1.83E 02 3.13E-05 0.0 
PM14a 0.0 1.72E 03 1oC5E 02 2.63E G l  9076E 00 1062E-06 0.0 
PM149 0.0 4.25k 0 3  3.65E-0i 2.50E-09 1 . 7 ~ E - 1 7  0.0 0 .G 
S M 1 5 1  0.0 1.905 01  1.91E 01 1.91E 01  1.93E 0 1  1 0 8 6 E  01  1.50E 0 1  
EU152 0.0 3. L 5 E - 0 1  3.13€-31 3.10E-01 3.07E-01 Lo65E-01 5056E-02 
EU15+ 0.0 2.37F 01 2.36E 01  2.35E 0 1  2.33E 01 2 0 0 8 E  C 1  6046E 00 
EU155 0.0 1.76E 02 1.70E 02 1.60E G 2  1.5GE 02 5057E 01 1.80E-03 
E i r l55  0.0 3.21E 0 3  8.13E 02 5.12E 01 3.20E 00 3.31E-19 0.0 
~ a i 5 0  0.0 2.37C 02 2.15E 02 1.2iE 02 6.73E G l  7.02E-03 3.0 
Ti3151 0.0 7.73: 01 3.80E 00 9015E-03 2021E-05 0.0 0.0 
GD152 0.0 4.13E 0 1  3.90E 01 3.48E 0 1  3 o i l E  01 5.16E 00 3084E-08 
~ a i 6 2 ~  0.0 3.13-5 01 7068k 01 6086E 01 6 o l Z E  01 1002E 01 7.566-08 
S U B T J T  0.0 5055E 05 1.96E 05 1.06E 0 5  7043E 04 8.82E G3 1.08E 03  

CHARGE DISCHARGE 30. D 90. 0 150. 0 1096. 0 10958. 0 

TUTALS 0.0 5.35E C 6  1.96E 05 1.06E 05 7 0 4 3 t  04 8.82E 03 1.08E 03 
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A I  REFERENCE O X I D E  LMFBR CORE 
POYEH= 148.15 HM/MTe BURNUP= 800310 MMD/MTq FLUX= 5o15E 1 5  N/CM**2-SEC 

NUCLIDE GAMMA POvJERe LATTS / M E T K i C  TON 4 U + PU 
CHARGE 01 SCHARGE 30. D 900 D 1500 0 10960  D 109580 0 

K K  85 0.0 
RB 86 000 

Y 91 000 
LR 95 000 
NB 95H 000 
NB 95 000 
no 99 0.0 
RU103 0.0 
RHlO6 000 
A G l l O M  000 
AG110 000 
CDl15M 0.0 
58124 0.0 
SN125 000 
58125 0.0 
S6126 0.0 
58127 0.0  
TE127 0.0 
TE129M 000 
TE129 000 

1131 0.0 
TE132 000 

I 1 3 2  000 
CS134 000 
CS136 000 
BAl37H 000 
B A l 4 O  000 
LA140 000 
CE144 0.0 
PRl44 000 
ND147 000 
PH148H 0.0 
PHl48 000 
EU154 000 
EU156 000 
16160 000 
SUBTUT 000 

3019E-01 3017E-01 3014E-01 3 o l l E - 0 1  2o63E-01 4062E-02 
4 0 4 5 f  00 1o46E 00 1o57E-01 1o69E-02 9.58E-18 000 
7.03E 0 1  4095E 01 2 0 4 6 f  01 1o20E 01 1o74E-04 0.0 
3 o 0 2 E  04 2020E 04 1016E 04 6011E 0 3  2055E-01 000 
1096E 02 1051E 02 8oOOE 01 4.20E 01 1076E-03 2055E-15 
3016E 04 2o95E 04  2002E 04 1o2 lE  04 5.82E-01 0.0 
9o71E 03 5066E 00 1092E-06 6.50E-13 000 000 
2o06E 0 4  1022E 04 4026E 03 1o49.E 03 9.59E-05 0.0 
3097E 03 3075E 03 3035E 0 3  2o99E 03 5o01E 02 4008E-06 
7020E 0 1  6063E 01 5062E 01  4077E 01 3.57E 00 605dE-12 
6033E 01 1009E-01 9025E-02 7085E-02 5088E-03 1008E-14 
5070E-01 3051E-01 1034E-01 5008f -02  1021E-08 000 
2 0 7 O f  00 1 0 9 1 E  00 9.53E-01 4o77E-01 8.tOE-06 000 
8 0 4 2 E  01 9021E 00 l o l O E - 0 1  1o32E-03 0 0 0  000 
9035E 01 9039E 01 9002E 01  8065E 01  4o45E 01 4034E-02 
6.49E 01 1.23E 01 4069E-01 4o3bE-02 2o77E-02  2o77E-02 
2o36E 03 1o13E 01 2o47E-04 5.43E-09 000 0 00 
2o05E 01 3.86E 00 2058E 00 1076E 00 4o30E-03 3o75E-10 
1 0 9 4 f  02 1006E 02 3012E 01 9o17E 00 3086E-08 000 
l o 0 7 E  03 1055E 02 4057E 01 1035E 01 5067E-08 000 
1o02E 04 7094E 02 4o53E 00 2.586-02 C O O  0 00 
3o14E 03 5.23E 00 1.49E-05 4o25E-11 0.0 0 00 
7o59E 04  1o30E 02 3o70E-04 1o05E-09 0.0 000 
7034E 02 7014E 02 6o76E 02 b039E 02 2066E 02 2.95E-02 
5031E 03 1007E 03 4o38E 01  1.78E 00 000 000 
9.76E 02 9o74E 02 9o71E 02 9o67E 02 9011E 02 4088E 02 
1 o 0 1 E  04 l o 9 9 E  03 7 o 7 l E  01 2o99E 00 000 0.0 
8o43E 0 4  1o84E 04 7015E 02 2.78E 01 2077€-17  0.0 
7087E 02 7o32E 02 6o32E 02 5046E 02 5043E 01 1.9lE-09 
6 . 2 l f  02 5.52E 02 4.77E 02 4.12E 02 4.09E 01 1.44E-09 
3o40E 02 5o23E 01 1o23E 00 2o91E-02 000 000 
2o04E 03 1o24E 03 4062E 02 1072E 02 2085E-05 000 
7 0 9 2 k  02 4o83E 01  1o21E 01  4049E 00 7.456-07 0.0 
1.99E 01 1o98E 01 1097E 01 1096E 01 1o75E 01 5043E 00 
2.44E 03 6.23E 02 3089E 01 2.43E 00 2052E-19 000 
2 0 3 6 f  02 l o 7 7 E  02 9o92E 01 5o57E 01 6o25E-03 0.0 
2o98E 05 9.56E 04 4o39E 04 2o57E 0 4  1o84E 03 4o94E 02 

TOTALS 0.0 2o21E 06 9o56E 04 4o39E 04 2.57E 04 1.84E 03 4o94E 02  
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A I  REFERENCE G X l D E  LHFBR CORE 
POWER= 148.15 M a / M T ,  BURNLIP= 80001. MdD/MT, FLUX= 5.15E 1 5  N/CM**2-SEC 

ELEMENT THEHMAL POWER, W A T T S  / NETRiC TON FUEL CHAKGED 10 REACTOR 
CHARGE OISCHARGE 30. 0 90. 0 150. 0 1096. CJ 10958. D 

H 
ZN 
G A  
LE 
A S  
S E  
5 R  
K R  
R B  
SR 

Y 
Z K  
NB 
MO 
T C  
RU 
RH 
PD 
A G  
CD 
I N  
SN 
S 8  
TE 

I 
XE 
c s  
B A  
LA 
t E  
PR 
N O  
P N  
S M  
EU 
G O  
TB 
DY 
A0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

TOTALS 0.0 

8.33E-02 8.29E-02 8. L2E-02 8.14E-02 7.03E-02 1.54E-02 
1.91E 00 4.16E-05 1.986-14 0.9 0.0 0 00 
3.54; 01 a .40~-04  ~ . o o E - ~  0.3 0.0 0.0 
1012E 01 1.62E-19 0.0 0. D 0.0 0.G 
1.98E 02 2.01t-06 1.27E-17 0.3 0.0 0.0 
1.36E 0 4  2.17E-05 2.17E-05 2.17E-05 2.17E-05 2.17E-05 
1.28E 05 7.38E-06 4.00E-18 0.0 0.0 0 00 
1.93E 05 3097E 01 3.92E 0 1  3.88E 01 3.29E 01 5 0 7 7 t  00 
5.26E 05 1.26E 01 1.35E 00 1.+6t-01 1.65E-08 1.65E-08 
3-21: 05 5053E 03 2.56E 03 1022E 03 1m25E 02 6.41E 0 1  
4073E 05 8084E 03 4.65E 03 2.59E 03 5047E 02 2081E 02 
R o 3 6 t  04 2.67E 0 4  1.41E 04 7 0 4 4 E  03 ? e l l € - 0 1  4.03E-04 
4.22f 05 3.14E 0 4  2.14E G 4  1.2tcE 0 4  6.18E-01 4.79E-04 
2.68E 05 1.95E 01 6.61E-06 2.2QE-12 0.0 0.0 
4.05E 05 3054E 00 2.42E-02 L.4ZE-02 2.42t-02 2.42E-02 
9094E 0 4  1.40E 04 5.01E 03 1 .85E 03  Lo56E 01 2.08E-07 
1.23€ 05  3.23E 04 2.83E 04 2.50E 04 b.17E 03 3.40E-05 
102OE 0 4  7.19E-09 0.0 0.0 0.0 0.0 
1.01E C4 1.49E 02 6.23E 01  5.26E 01 3094E 00 7.25E-12 
6.47E 02 2.84E 00 1.35k 00 7.37E-01 3089E-01 1002E-01 
1.26f 03 2.58E-02 1.OlE-02 C.4lE-G3 8.89E-09 0.0 
2.73E 0 4  1.07E 02 5.65E 00 3024E 00 1.64E-01 1.15E-01 
3 . 9 7 ~  05 2 . 1 7 ~  02 1 . 6 6 ~  02 1 . 5 8 ~  02 8 . 0 9 ~  01 i . 2 9 ~ - n i  
3 . 0 1 ~  05 2 . 2 9 ~  03 8 . i i ~  0 2  3.40~ 02 6 . 8 9 ~  00 8 . 3 7 ~ - 0 3  
6.18E 05 1.55E 03 7089E 00 4.50t-02 5.816-05 5.81E-05 
3e79E 05 2010E 02 6.38E-01 1.74E-02 0.0 0.0 
6 0 2 0 f  05 2.37E 03 1.23E 0 3  1.15E 03  7.01E 02 2.15t 02 
2.13E 05 5.20E 03 1.13E 03 9073E 02 9.11€ 02 4.88E 02 
3.82E 05 2.39E 04-9.23E 02 3.5OE 01 3060E-17 0.0 
1.16E 05 3074E 03 4.2'3E 0 3  2.56E 03  2001E 02 7.08E-09 
1.48E 05 2073E 04 2.00E 0 4  1.72E 0 4  lo7OE 03 6.00E-08 
2.40E 0 4  1 0 2 2 f  03 2.87E 0 1  6.776-01 0.0 0.0 
2.05E 04 1.90E 03 9043E 0 2  50119E 0 2  1.97E 02 1056E-01 
3 0 5 8 E  03 1.91E 01 1.91E 01  1.33E 0 1  1.86t C l  1.50E 0 1  
1.03E 04 1 e O l E  03 2.35E 02 1.77E 02 7.68E 01 6.52E 00 
k3.92E 02 3.90E 01 3.48E 01 3.11E 01 5.16E 00 3.84E-08 
4.68E 02 2.96E 02 1.90E 0 2  1.29Ls 02 1.02E 0 1  7056E-08 
5.22E 00 1.32t-03 6.41E-09 3.12E-14 C O O  0.0 
4.19E 00 1.02E-02 4.94E-08 2.40E-13 0.0 9.0 

b035E 06 1.96E OS 1.06E 05 7.43E 0 4  8.82E C3 1008E 03  
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A I  REFERENCE O X I D E  LMFBR AXIAL BLANKET 
POWER= 4.63 MW/MTv BURNUP= 25300 MWO/HT, FAUX= 9o71E 1 4  N/CM**Z-SEC 

NUCLlOE CONCENTRATIONSI GRAMS / M E T R I C  TON 4 U t PU 1 
CHARGE D I S C H A R G E  3 0 0  0 900 D 1500 0 10960 0 109580 D 

S E  82 000 
KK 83 0.0  
CR 8 4  0.0 
K R  85 000 
H B  85 000 
KR 86 000 
Rd 87 000 
SR 86 0.0 
SR 83 000 

Y 89 000 
SK 90 0.0 

Y 91 0.0 
Z H  91 000 
ZR 92 000 
ZR 93 000 
LR 94 0.0 
Z R  95 0.0 
NB 95 000 
MU 95 0.0 
ZR 95 0.0 
HLl 97 000 
HO 99 000 
1c 99 000 
no100 000 
R U l O l  000 
R U l O 2  000 
HU103 000 
RH103 000 
RU104 000 
PD105 0.0 
RUlO6 000 
PO106 000 
PO107 000 
P D l O 8  000 
AG109 0.0  
P D l l O  0.0 
C D l l l  0.0 
t D l l 2  0.0 
SN126 0 . 0  

I 1 2 7  0 . 0  
TE128 0.0 

1129 000 
TE130 0.0 
XE131 000 
XE132 0 . 0  
tS133 000 
XE134 000 

1.59E 00 1058E 00 1.56E 00 1 0 5 6 €  00 l o 5 8 E  00 1058E 00 
4036E 00 4036E 00 4.366 00 4036E 00 4o36E 00 4036E 00 
8014E 00 8014E 00 8o14E 00 8014E 00 8014E 00 8014E 00 
2013E 00 2o12E 00 Z o l O E  00 ZOOBE OC 1.76€ 00 3009E-01 
4044E 00 4045E 00 4048E 00 4o50E 00 4082E 00 6027E 00 
1 0 2 0 E  01 1020E 01 1020E 01 1020E 0 1  1o20E 01 1020E 0 1  
1056E 01 l o 5 6 E  01 l o 5 6 E  01 1.56E 0 1  1.56E 01 1o56E 0 1  
2 0 2 3 E  01 2.236 0 1  2o23E 01 2 0 2 3 k  01 2023E 01 2023E 01 
4087E 00 3.2bf 00 l o 4 7 E  00 6059E-01 20206-06 0.0 
2014E 0 1  2030E 01 2048E 0 1  2056E 01 2063k  01 2063E 01  
2.96E 0 1  2.96E 01 2.94E 01 2o93E 01 2o75E 01 1 o 4 1 E  01 
7066E 00 5.40E 00 2o66E 00 1o31E 00 1o89E-05 000 
2096E 01 3019E 01 3.476 0 1  3o6OE 01 3073E 01 3073E 0 1  
4.31E 01 4032E 01 4.32E 01 4o32E 01 4o32E 01 4.32E 01 
4094E 0 1  4095E 0 1  4oY5E 01 4095E 01 4o9SE 01 4095E 01 
5 0 3 7 t  01 5037E 01 5 0 3 7 f  0 1  5037E 01 5037E 01 5037E 0 1  
1.4ZE 01 1003E 0 1  5943E 00 2086E 00 1o20E-04 000 
7.07E 00 6o79E 00 4075E 00 2086E 00 1o39E-04 000 
3 0 8 9 E  01 4031E 01 5.00E 01 5044E 01 6oOlE 01 6 o O l E  0 1  
6 0 1 3 E  0 1  6013E 01 6o13E 0 1  6013E 0 1  6o13E 01 6013E 01 
5o76E 0 1  6078E 01 6078E 01 6o78E 01 6o78E 01 6078E 01 
6070E 01 6.70E 01 6o70E 01 6o70E 01 6.70E 01 6070E 0 1  
6o87E 01 6o95E 0 1  6095E 0 1  6095E 01 6095E 01 6095E 01 
7 0 2 8 F  0 1  7o28E 0 1  7o28E 0 1  7028E 01 7o28E 01 7.28E 01  
7.09E 01 7.09E 01 7o09E 01 7o09E 01 7o09E 01 7o09E 0 1  
7040E 0 1  7040E 0 1  7o-kOE 01 7.4OE 01 7040E 01 7m40E 01 
1009E 01 6047E 00 2.26E 00 7.92E-Gl 5o10E-08 000 
6025E 0 1  6o69E 01 7 o l l E  0 1  7o26E G l  7o34E 01 7034E 01 
6 o O l E  0 1  6001E 01 6001E 0 1  6o01E 01  6 o O l E  01 6001E 0 1  
3097E 0 1  4o00E 01 4o00E 01  4o00E 01 4000E 01 4000E 01  
2 0 5 3 E  01 2.39E 01 2o14E 01 1.91E 01 3.20E 00 2o60E-08 
1o14E 0 1  1028E 0 1  1o54E 01 1o77E 01 3036E 01 3067E 0 1  
2o76E 0 1  2076E 01 2076E 01  2o76E 01 2076E 01 2076E 01 
1 0 1 Z E  01 1012E 01 1o12E 0 1  1012E 0 1  1012E 01 1 o 1 Z E  0 1  
1002E 01 1002E 01 1 o O Z E  01 1o02E 01 1002E 01 loO2E 0 1  
1o44E OC 1o44E 00 1044E 00 1044E 00 1044E 00 1044E 00 
1092E 00 l o 9 9 E  00 Z o O O E  00 Z o O O E  00 20OOE 00 20OOE 00 
l 0 l O E  00 1 o 1 1 E  00 1 0 1 1 E  00 l o l l €  00 1 0 1 1 E  00 l o 1 1 E  00 
1 0 5 9 E  00 1o59E 00 1059E 00 1 0 5 9 i  00 1o59E 00 1059E 00 
3 o 3 O E  00 3o43E 00 3.52E 00 3.58E 00 3o72E 00 3072E 00 
7o24E 00 7024E 00 7o24E 00 7.24E 00 7024E 00 7024E 00 
l o 9 5 E  0 1  1099E 01 2003E 01 2o05E 01 2005E 01 2005E 01 
2.87E 01 2o87E 01 2o87E 01 2 0 8 7 t  01 2087E 01 2087E 01 
4078E 01 4.93E 0 1  4094E 01 4o94E 0 1  4o94E 01 4094E 0 1  
7003E 0 1  7o12E 0 1  7.12E 01  7o12E 01 7012E 01 7012E 01 
8 o 4 5 E  01 8 o 6 8 E  0 1  8ob9E 0 1  8.69E 0 1  8069E 01 8o69E 0 1  
1.00E 02 1 .00E 02 1 - 0 0 E  02 1000E 02 1000E 02 1o00E 02 
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A I  REFERENCE O X I D E  LMFBR AXIAL BLANKET 
POWER= 4.63 M i J / M T t  BURNUP= 2590. MHD/HT, FLUX= 9a71E 14 N/C#**Z-SEC 

NUCLIDE CONCENTRATIONS, GRAMS / M E T K I C  TON ( il + PU J 
CHARGE D I S C H A R G E  30. 0 90. 0 150. 0 1096. D 10958. 0 

tS135 0.0 
KE136 0.0 
BA136 0.0 
CS137 0.0 
BA137 0.0 
BA1.38 0.0 
LA139 0.0 
t E l 4 O  0.0 
C E l G l  0.0 
P R l 4 l  0.0 
tE142  0.0 
PR143 0.0 
NO143 0.0 
CE144 0.0 
YO144 0.0 
NO145 0.0 
NO146 0.0 
PM147 0.0 
SH147 0.0 
YO148 ,000 
SM149 0.0 
MD150 0.0 
SH151 0.0 
SM152 0.0 
EU153 0.0 
SH154 0.0 
EU155 0.0 
GO156 0.0 
GO157 0.0 
GO156 0.0 
SUBTDT 0.0 

3.32E 01  9.32E 0 1  9.32E 0 1  9.32E 01 9032E 01 9.32E 0 1  
9.05E 01 9.05E 01 3.05E 01 9.05E 01 9.05E 01 9005E 01  
1.65E 00 1.73E 00 1.75E 00 1.75E 00 1075E 00 1.75E 00 
9.40E 01 9.38E 01 9.35E 0 1  9o31E 01 8.77E 01 4.7OE 01 
1.31E 00 1e49E 00 1.85E 00 2.20E 00 7.61E 00 4083E 0 1  
9.24E 01  9024E 01 9024E 0 1  9.24E 0 1  S.24E 01 9.24E 01 
8.95E 01 8.96E 01 8.96E 01 8e96E 01 8.96E 01 8.96E 0 1  
9.67f 0 1  1.01E 02 1.02E 02 1002E 02 1.02E 02 1.02E 02 
1.14E 0 1  6.01E 00 1.6bE 00 4.61E-01 7.49E-10 0.0 
7.98E 01 8.52E 01 8095E 01 9007E 0 1  9.12E 01 9.12E 01 
8.67E 0 1  8068E 01 8.68E 01 8.68E 01 8.68E 01 8.68E 01 
4.45E 00 1009E 00 5.2ZE-02 2.51E-03 0.0 0.0 
7.64E 01 R.03E 01 8.13E 01 8.l'tE 01 6.14E 01 8.14E 01 
4.27E 01 3.97E 01 3.43E 01 2.96E 01 2.94E CO 1.04E-10 
2.74E 01 3.05E 01 3.59E 01 4.05E 0 1  6o72E 01 7.02E 0 1  
7.07E 01 7o07E 01 7.07E 01 7007E 01 7.07E 01 7.07E 01  
6.30E 0 1  6.30E 01 6.30E 01 6.3GE 01 6.30E 01 6.30E 01 
4025E 01 4.34E 01 4.19E 01 4.01E 01 2.02E 01 1.60E-02 
7006E 00 8000E 00 9.87E 00 1.16E 01  3.15E 01 5.18E 01 
3.81E 01 3.81F 01 3.81E G l  3.81E 0 1  3.81E 01 3.81E 0 1  
2.77E 01 2.80E 01 2.8OE 01 2.80E 01 2.80E C 1  2.8OE 0 1  
2.31E 01 2.31€ 01 2.31E 01 2.31E 0 1  2.31E 01 2.31E 0 1  
1.83E 01 1.84E 01 1.83E 0 1  1.83€ 0 1  1 0 8 0 E  01 1.45E 01 
1.37E 0 1  1.37E 01 1.37E 01 1o37E 0 1  1.37E 01 1.37E 01 
6.b3E 00 6.69E 00 6069E 00 6.69E 00 6.69E 00 6.69E 00 
4.37E 00 4037E 00 4.37E 00 4.37E 00 4.37E 00 4037E 00 
2.76E 00 2.67E 00 2.51E 00 2.36E 00 8.74E-01 2.62E-05 
1.66E 00 l.76E 00 1.79E 00 1.79E 00 1.79E 00 1.79E 00 
1.01E 00 1.01E 00 1.01E 00 1.01E 00 1.01E 00 L o O l E  00 
1.62E 00 1.62E 00 1.62E 00 1.62E 00 1.62f 00 10b2E 00 
2.69E 03 2m70E 03 2.70E 03 2.70E 03 2.70t 03 2.68E 03 

TOTALS 0.0 2.72E 03 2.72E 03 2.72E 03 2.72E 03 2.72E 03 2.72E 03 
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H 
ZN 
GA 
SE 
A S  
SE 
BR 
K R  
RB 
S R  

Y 
LR 
vi3 
YU 
T C  
RU 
AH 
PO 
AG 
t D  
I N  
Sh 
S B  
TE 

I 
X f  
tS 
bA 
LA 
C E  
P R  
NO 
P I4 
SM 
EU 
LiD 
TI3 

i o  
E R  

3r  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 

0.0 

P I  REFERENCE C X I D E  LAFBR AXIAL BLANKET 
POMEK= 4.63 MrJ/#T* BURNUP= 2530. H*rD/MTs FLUX= 9.71E 1 4  N/CM**2-SEC 

ELEMENT CONCENTRATIONS~ GRAMS / M E T R I C  TON FUEL CHAKtiED TU R E A C T O K  
CHARGE DI SCHCRGE 30. 0 90. 0 150. E 1096. D 10958. 0 

5027E-03 5.25E-03 5020E-03 5. 15€-03 4045E-03 9072E-04 
3.03E-05 6062E-10 3015E-19 0.0 0.0 0.0 
1002E-05  2088E-LO 1.37E-19 0.0 0.0 0.0 
2026F-02 2m26E-02 2.26E-02 2.26€-02 2.26E-02 2.26E-02 
7082E-03 7.65E-03 7.65E-03 7.65E-03 7.65E-03 7.65E-03 
2.42E 00 2.42E 00 2.42E 00 2042E 00 2042E 00 2.42E 00 
3 . 3 3 ~ - 0 1  8 . 3 i ~ - o i  a . 3 1 ~ - 0 ~  8 . 3 i e o i  8 . 3 i ~ - o i  8 . 3 i ~ - o i  
2.64E 0 1  2.66k Oi 2.66E 0 1  2.65E 01  2.62E 01 2.48E 01 
2.01E 01 Z o O l E  01 2001E 01  2001E 01 2004E 01 2.19E 01 
5 0 5 8 E  01 5051E 01 5032E 01 5023E 0 1  4098E 01 3064E 0 1  
2.92E 01 2.84E 01 2.75E 01  2 0 6 9 t  01 2063E 01 2.63E 01 
2.52E 02 2051E 02 2.49E 0 2  2.47t 02 2.48E 02 2.61E 0 2  
7.10E 00 6 0 8 0 E  00 4075E 00 2.861: 00 2.i2E-04 7.00E-04 
2.47E 0 2  2051t :  02 2.58E 02 2.62E 02 2m68E 02 2ab8E 02 
5087E 01 6.95E 01 6.95E 01 6.95E 01 6095E C 1  6.95E 01 
2.42F 02  2.36E 02 2029E 02 2.25E 02 2008E 02 2.05E 0 2  
6.27Er 01 6.69E 01 7.11E 01 7.26i  01 7.34E 01 7.34E 0 1  
9 . 1 5 ~  01 9 . 3 1 ~  01 9 . 5 7 ~  01 9 . 8 0 ~  01 1 . 1 4 ~  02 1 . 1 7 ~  02 
1.03E O! 1.02E 01 1.OZf  01 1.02k 01 i.02E 01 1.02E 0 1  

3 . 7 2 ~ - 0 1  3 . 7 6 ~ - 0 1  3. 7 7 ~ - o i  3 . 7 a ~ - o 1  3 . 7 3 ~ - 0 1  3 .80~-01  
4034E 00 4.42€ 00 Co42E 00 4 0 4 2 t  00 4042E 00 4042E 00 

4054E 00 4.50E 00 4049E 00 4049E 00 4.49E 00 4.48E 00 
2.25E 00 2.15E 00 2011E 00 2.07E 00 1063E 00 1.17E 00 
3089E 0 1  3.74E 01 3.70E 0 1  3068E 0 1  3071E 01 3.76E 01 
2048E 01 2.35E 01 2.39E 01 2.40E 01 2042E 01 Z.42E 01 
3.11k 02 3.11.E 02 3.12E 02 3012E 0 2  3.12E 02 3.12E 02 
2.72E 02 2.74E 02 2.74E 0 2  2.73E G2 2068E 02 2.27E 02 
9.98F 01 9.666 01 9.61E 01 50b5E 01 1002E 02 1 m 6 3 E  02 
9002F: 01 8.97E 01 8096E 0 1  8.96E 01 8.96E 01 8096E 0 1  
2.38E 02 2.33E 02 2.24E 02 Z* l t 3€  02 1.91E 02 1088E 02 
d043E 0 1  8.63F: 0 1  8 . Y 6 E  01 9.07E 01 9.12E 01 9.12E 3 1  
3.01E 02 3.06t 02 3.12E 02 3017E 02 3044E 02 3047E 02 
4.29E 3 1  4035E 01 4.19E 01  4001E 0 1  2002E 01 1.60k-02 
7.23E 0 1  7036E 01 7.55E 01 7.726 01 9068E 01 1.13E 02 
9075E 00 9.63E 00 9e46E 00 9033E 00 8 o L l E  00 1.07E 0 1  
5.06E 00 5.24E 00 5 0 4 3 t  00 5058E 00 7004E 00 7099E 00 
8.79E-01 8.75E-01 8 .  73 f -01  8072t-01 8.71E-01 8071E-01 
2.41F-01 2052E-01 2.60E-01 2.66E-01 3.04E-01 3011E-01 
5.20E-03 5.18E-03 5. 18E-03 5.18E-03 5018E-03 5.1BE-03 
3002F-03 3010E-03 3. 10E-03 3010E-03 3.10E-03 3010E-03 

T O T A L 5  0.0 2.72E 03 2.72E 03 2.722 03 2.72E 03 2.72E 03 2.72E 03 
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A I  REFERENCE O X I D E  LMFBR A).IAL BLPNKET 
POdER= 4.63 Mrl /dTs  BURNUP= 2530. P(rJCJ/HTr F L U X =  9.71E 1 4  N/CH**2-SEC 

N U C L I O E  R A D I O A C T I V I T Y ,  C U R I E S  / M E T K I C  TON t J + PU ) 
CHARGE DISCHARGE 30. D 90. i) 150. 0 1096. D 10958. D 

H 3 0.0 
SE 79 0.0 
CR 85 0.0 
K 8  84 0.0 
SR 8 3  0.0 
SR 93 0.0 

Y 90 0.0 
Y 91 0.0 

L R  93 0.0 
HB 93N 0.0 
LR 95 0.0 
YB 95N 0.0 
N 8  95 0.0 
HO 93 0.0 
T C  99M 0.0 
T C  93 0.0 
RU103 O o . 0  
RHlO3N 0.0 
RH105 0.0 
R U l O 5  0.0 
AH105 0.0 
A G 1 1 O M  0.0 
AG113 0.0 
P G l l l  0.0 
C0113M 0.0 
I N l l G M  0.0 
IN114  0.0 
C D 1 1 5 M  0.0 
t D 1 1 5  0.0 
IN115M 0.0 
SN117rl 0.0 
SN119M 0.0 
SNlZlFO 0.0 
st3122 0.0 
SN123M 0.0 
TEl231’l 0.0 
SBl24 0.0 
SFtl.25 0.0 
SI3125 0.0 
TE125H 0.0 
SN1Z5 0.0 

SI3125 0.0 
58127 0.0 
TE127M 0.0 
TE127 0.0 
TE129N 0.0 

s a i 2 5 ~  0.0 

5011E 0 1  5009E 01 5.04E 01 4099E 01 4.32E 0 1  9043E 00 
1048E-02 1.48E-02 1048E-02 1.4BE-02 lo48E-02 1.48E-02 
3034E 02 8.30E 02 8021E 02 8.lLE 02 6088E 02 1021E 0 2  
7.69E 0 1  2.52E 01 2072E 00 2.93E-01 1.66E-16 0.0 
1.37E 05 9.21E 04 4014E 04 1.86E 04 (i021E-02 0.0 
4.19t 03 4.18E 03 4016E 03 4.15€ 03 3.89E 03 2 o O O E  03 
4.22E 03 4.18E 03 4016E 03  4.15E 03 3089E 03 2000E 03  
1.87E 05 1032E 05 6050E 0 4  3.20E 04 4062E-01 000 
1.27E-01 1.27E-01 1.27E-01 1.27k-01 1.27E-01 1.276-01 
3.85E-03 4.37E-03 5. 39E-03 6.4OE-03 2.13E-02 1000E-01 
3 0 0 0 t  05 2018E 03 1015E 05 6006E 04 2053E 00 0.0 
5 .OOE 03 4062E 03  2044E 03 1.29E 03  5.38E-02 7.82E-14 
2.78E C5 2.67E 05 1.86E 05 1012E 05 5047E 00 0.0 
3.67E 05  2014E 02 7024E-05 2.45E-11 0.0 0 00 
3.19E 05 2.04E 02 bo92E-05 2m35E-11 0.0 0 00 
1.17E 00 1.19E 00 1.19E 00 1. lgE 00 1.19E 00 1.19E 00 
3.50E 05 2007E 05 7025E 04 2.54E 0 4  1.63E-03 0.0 
3.50E 05 2.07E 05 7.26E 0 4  2.54E 0 4  1.63E-03 0.0 
2.07E 05  1.9OE-01 1.60E-13 0.3 0.0 0.0 
8.51E 04 8004E 04 7.18E 04 6.41E 0 4  1.07E 04 8.74E-05 
8.51E 0 4  8004E 04 7018E 04 6.41E 04 1007E 04 8.74E-05 
8.64E 00 7.96E 00 6.75E 00 5073E 00 4.29€-01 7089E-13 
7 o b l E  02 1.03E 00 8078E-01 7.45E-01 5.57E-02 1.33E-13 
1.23E 0 4  7.71E 02 3001E 00 1o16E-02 0.0 0.0 
6.14E-01 6.12E-01 6. G7C-01 6o02E-01 5.29E-01 1.39E-01 
1.72E-03 l o l 3 E - 0 3  4093E-04 2.15E-04 4.32E-10 0.0 
3.02E-03 1.09€-03 4.76E-04 2.07E-04 4017E-10 0.0 
1 0 0 1 E  02 6021E 01 2.36E 01 8.97t 00 2.14E-06 0.0 
1.49E 03 1.33€-01 1.05E-09 8.3LE-18 0.0, 0 00 
1 0 4 9 E  03 1045E-01 l 0 1 5 E - 0 9  9.08E-18 000 0.0 
2.15E-02 4.86E-C3 2049E-04 1.28E-05 000 0.0 
3.50E 00 3.226 00 2 . 7 2 6  00 2.31€ 00 1.67E-01 2023E-13 
1.06f 00 1-06E 00 1006E 00 1 0 0 6 E  00 1.03E 00 8008E-01 
2.06E 0 1  1023E-02 4.35E-09 1.54E-15 0.0 0.0 
4.10E 0 1  3047E 0 1  2.49E 01 1.78E 01 9.40E-02 0.0 
5048E-03 5042E-03 3. 80E-03 2.66E-03 9080E-06 0.0 
1 0 0 7 E  01 7054E 00 3 0 7 7 f  00 1088E OG 3040E-05 0.0 
4033E 03 4074E 02 5068E 00 6.806-02 0.0 0 00 
1.03E 03 1.04E 03 1 0 0 0 E  0 3  9.63E 02 4.95E 02 4.83E-01 
3.12E 02 3.41E 02 3070E 02 3.776 02 2o05E 02 2000E-01 
4.51E-02 4.51E-02 4.51E-02 6.516-02 4.51E-02 4051E-02 
1.53E 03 4051E-02 4. 51E-02 4.51E-02 4.51E-02 4051E-02 
1.54E 03 2.92E 02 1.05E 01 4.21E-01 4.46E-02 4046E-02 
2.03E 04 9.72E 01 2.13E-03 4.69E-08 0.0 0.0 
3.16E 03 2.75E 03 1.83E 03 1.28E 03 3013E 00 0.0 
1.90E 04 2080E 03 i 0 8 6 E  03 1.27E 03 3.10E 00.2.7OE-07 
3 . 0 4 ~  04 1 . 6 6 ~  04 C . B ~ ~ E  03 1 . 4 4 ~  03 ~ . o ~ F - c ) A  n-n 
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P I  REFERENCE O X I D E  LMFBR AXIAL BLANKET 
POHER= 4063 HW/HTw BURNUP= 25OOo M Y D / H T v  F L U X =  9oT1E 1 4  N/C#**2-SEC 

NUCLIDE R A D I O A C T I V I T Y I  C U R I E S  / M E T R I C  T O N  4 U + PU 1 
CHARGE DISCHPRGE 300 D 90. 0 1500 D 1096. 0 10958. D 

TE129 000 
I 1 2 9  000 

TE131M 000 
1131 0.0 

XE131H 0.0 
~ € 1 3 2  0 .0  

1132 000 
XE133H 000 
kE133 000 
CS134 000 
CS135 000 
CS136 000 
CS137 0.0 
BA137M 0.0 
BAl4O 000 
LA140 000 
C E l 4 l  000 
tE143 0.0 
PR143 0.0 
CE144 0.0 
PRl44 0.0 
NO147 000 
PM147 000 
PMl48H 0.0 
PHl48 000 
PH149 0.0 
PM151 000 
SM151 0.0 
EU152 000 
SH153 0 0 0  
GO153 000 
EU154 0.0 
EU155 000 
EU155 000 
TB160 000 
TB161 0.0 
GO162 000 
f8162H 000 
OY166 000 
HOl66 000 
SUBTOT 0.0 

7066E 04 1006E 04 3o13E 03  9o20E 02 3087E-06 0.0 
3. 18€-03 3025E-03 3. 32€-03 3034E-03 3 ~ 3 4 E - 0 3  3034E-03 
3.01E 04  1082E-03 000 0.0 000 000 
1o97E 05 1o53E 04 8o73E 0 1  4.98E-01 000  0.0 
1.74E 03 6032E 02 2 0 4 9 f  0 1  7ob3E-01 000 0 00 
2o79E 05 4o64E 02 lo32E-03 3o77E-09 000 0.0 
2.84E 05 4079E 02 1.36E-03 3 o 8 Y E - 0 9  000 0.0 
7o86E 03 1o29E 00 1032E-08 Ao34E-16 0.0 0.0 
3o47E 0 5  8.1OE 03 3003E 00 1013E-03 000 000 
3097E 02 3086E 02 3o66E 02 3.C6E 02 1.44t 02 1060E-02 
8.23E-02 8023E-02 8023E-02 8023E-02 8r23E-02 8o23E-02 
7039E 03 1.49E 03 6009E 0 1  2o48E 00 0.0 0 .O 
8018E 03 8016E 03 8013E 03 8.lOt 03 7 0 6 3 f  03 4o09E 03 
7065E 03 7o63E 03 7060E 03 7058E 03 7014E 03 3o82E 03 
3o20 f  05 6o31E 04 2o45E 03 9 0 5 O f  0 1  000 O o G  
3o24E 05 7.26E 04 2082E 03 1o09E 02 1o09E-16 000 
3.25E 05 1o72E 05 4.76E 04  l o 3 2 k  04  2.14E-05 0.0 
3002E 05 8022E-02 6.01E-15 000 000 0.0 
2o97E.05 7o25E 04 3o48E 03  1067E 02 000 000 
1036E 05 1o27E 05 1009E 05  9045E 04 9039E 03 3031E-07 
1039E 05 1027E 05 1 0 0 9 E  05 9045E 04  9039E 03 3o3lE-07 
1.77E 05 2072E 04 6o42E 02 1.51E 0 1  000 0.0 
3o95E 04 4.03E 04 3o89E 04  30736  06 1o88E 04 1048E 0 1  
1o97E 0 3  1o20E 03 4o45E 02 1o55E 02 2o74E-05 000 
2.31E 03 1 . 4 2 E  02 3o58E 01 1033E 0 1  2.20E-C6 0.0 
9o57E 04 8023E 00 5.646-08 3o87E-16 000 0 00 
6022E 04 1014E-03 0.0 000 0.0 000 
4o98E 02 SoOOE 02 5.00E 02 4099E 02 4.89E 02 3094E 02 
2.52E-01 2.51E-01 2048E-01 2 0 4 6 t - 0 1  2 .  12E-01 4045E-02 
2 o 3 l E  04 5o72E-01 3.42E-10 000 000 0.0 
2019E-03 2001 E-03 1. 63E-03 1 0  42E-03 9047E-05 5 0 1  1E-17 
2oO4E 0 1  2003E 01 2o02E 0 1  2000E 0 1  1079E 01 5056E 00 
3-52E 03 3.41E 03 3020E 0 3  3.30€ 0 3  l o l l €  03 30606-02 
7.05E 03 1.8l.E 03 1.13E 02 7o07E 00 0.0 000 
5o99E 01 4.496 01 2o52E 01 1.o42E 0 1  1o59f -03  0.0 
8o38E 02 4.12E 01 9092E-02 20396-04 000 0.0 
1o28E 02 1o21E 02 1o08E 02 9.61E 0 1  l o 6 0 E  01 1.19E-07 
1o28E 0 2  1 o Z l E  02 1.08E 02 9 0 5 1 t  0 1  1060E 01 1019E-07 
1.44E 0 1  30156-02 10536-07 70446-13 O o G  0.0 
l o 4 9 E  01 4070E-02 2029E-07 L o l l € - 1 2  000 0.0 
6 0 2 8 E  06 2.08E 06 l.O6E 06 6079E 05 8048E 04 1.25E 0 4  

TOTALS 010 3.15E 0 7  2008E 06 loO6E 06 6079f  05 8048E 04 1o25E 04 
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A I  REFEKENCE O X I D E  LMFBK A X I A L  BL4NKET 
POYER= 4.43 M I d / M T p  BURNUP= 2530. MplD/MT, FLUX= 9071E 14 N/CM**L-SEC 

NUCLIOE THERMAL P3wER.  M A T T S  / M E T R I C  TON 4 il + PU b 
CHARGE DISCHARGE 3c. L) 90. D 150. D 1096. 0 10958. 0 

< R  85 0.0 1.34E 00 1.33E 00 1.32E 00 1.31E 00 1 o l O E  00 1.94E-01 
K B  86 0.0 3.62E-01 1.19E-01 1.28L-02 1.38E-03 7.80E-19 0.0 
SR 89 0.0 4094E 02 3032E 02 1o4YE 02 6.70E 01 2.24E-04 0.0 
S R  90 0.0 5.46t 00 5.456 00 5043E 00 5.41E 00 5.07E GO 2.61E 00 

Y 90  0.0 2 .41E 01  2.39E 01 2038E 01 2.37E 01 2.23E 01  1014E 0 1  
Y 91  0.0 7.12E C 2  5.02L: 02 2.47E 02  10226 02 1.76E-C3 0.0 

ZR 95 0.0 1.57E 03 1.14E 03 6.01E 02  3017E 02 1.33E-CS 0.0 
Q V B  95N 0.0 8035E 00 6.44€ 00 3.40E 00 1.79E 00 7.49E-05 1.09E-16 
hd 95 0.0 1033C 03 1028E 03 8094E 02  5 . 3 6 6  02 2.62€-02 0.0 
YO 99 0.0 1.65E 03  9.60E-01 3.25E-07 1.10t-13 0.0 0.0 
rc 9 9 ~  0.0 2.70E 02 1.73E-01 5.87E-08 1.99E-14 0.0 0 00 
iU103 0.0 1.145 0 3  6.77E 02 2.37E 02  8.28E 0 1  5.33E-06 0.0 
iH103A 0.0 8.31E 01 4.92E 01 1.72E 0 1  6,02€ 00 3067E-07 0.0 
3u105 0.0 5.04t 00 4077E 00 4026E 00 3 0 8 0 t  00 60366-01 5.18E-09 
3HlOS 0.0 a.22E 0 2  7077E 02 6.94E 02  6019E 0 2  1.04t 02 8.456-07 
PG11OH 0.0 1.39k-01 1028E-91 1.09E-01 9.23k-02 6.31E-03 1.27E-14 
46111 0.0 2.956 01 1.85C 00 7.21E-03 2.82E-05 0.0 0.0 
30115N 0.0 4olOF-01 2.53E-01 9. 61E-02 3.65E-02 8.71E-C9 0.0 
SN123M 0.0 1.40E-01 1.18E-01 8.48E-02 6.06t-02 3.20E-04 0.0 
38124 0.0  1.44L-01 1002E-01 5.09E-02 2.556-02 4.596-07 0.0 
SN125 0.0 2.6ZE 0 1  2.87E 00 3.44E-02 4-12E-04 0.0 0 00 
St3125 0.0 3 0 4 5 t  00 3.50E 00 3.376 00 3.236 GO 1.66E 00 1.62E-03 
1 ~ 1 2 5 ~  0.0 2068E-01 2.93E-01 3.186-01 3.2CE-01 1.76E-01 1.72E-04 
SB126 0.0 1.69E 01 3.20t 00 1.15E-01 4,62€-03 4.89E-04 4089E-04 
SI3127 0.0 1012E 02 5.34E-01 1.17E-05 2.58k-10 0.0 0.0 
rE127M 0.0 1.74C 00 1.52f 00 1.04f 00 7.07E-01 1.73E-G3 0.0 
~ ~ 1 2 7  0.0 3.09E 0 1  4057E 00 3003E 00 Z o O 7 E  00 5.05E-C3 4041E-10 
~ E I Z ~ N  0 . 0  S o O l E  0 1  3.23E 01 9.66E 00 2 . 8 4 E  00 1oLOE-08 0.0 
~ ~ 1 2 9  0.0 2078E 02 3085E 01  1.136 01  j 0 3 4 E  00 1.41E-Od 0.0 

I 1 3 1  0.0 9.10E 0 2  6.296 01 3.59E-01 2.05t-03 0.0 0 .O 
KE131Y 0.0 1.69E 00 6.15E-01 2.42E-02 7047E-04 G o 0  0.0 
TE132 0.0 3.8OE 02 6.33E-01 1.80E-06 5.146-12 0.0 0.0 

I 1 3 2  0.0 4.55t 03 7.66E 00 2.18E-05 e.22k-11 0.0 0.0 
KE133 0.0 3.74E 02 9073E 00 3.27E-03 1.22E-06 0.0 0 00 
tS.134 0.0 4.17E 00 4.05E 00 3.84E 00 3.63E 00 1.51E 00 1067E-04 
CS136 0.0 1 . 1 4 E  02 2.31f 01 9.42E-01 3.84E-02 0.0 0 00 
CS137 0.0 1.32E 01 1032E 31 1.32E 0 1  1.31E 01 1.23E CL 6062E 00 
dA137t-4 0.0 3 o O O E  01 3.00E 0 1  2.38E 0 1  2.97E C l  2080E C1 1.50E 01 
BA140 0.0 1.08E 03 2.13E 02 80L6E 00 3.206-01 0.0 0.0 
LA140 0.0 5 0 3 6 t  0 3  102OFr 03 4.67E 01 1.81E OC 1.81E-lE 0.0 
C E l G l  0.0 5.39E 02 3.38E 02 9.37i  01 2.636 01 4.22E-08 0.0 
PK143 0.0 3044E 0 2  1.57E 02 7056E 00 3.63E-01 0.0 0 .O 
LE144 0.0 1.20E 02 l o l l t  02 9.60E 01 8.29€ 01 8024E CO 2.90E-10 
PR144 0.0 1.04E 03 9043E 02 8.14E 0 2  7.03€ 02 6.996 0 1  2.46E-09 
ND147 0.0 4 . 9 5 ~  02 7 . 6 1 ~  01 i . aoE 0 0  + . z ~ E - G ~  b.0 0.0 
PHl47 0.0 2.03E 01 2008E 01 2001E 01 1.92k 0 1  9.68E 00 7065E-03 
PMl48M 0.0 2m50E 01 1.52E 01 5.65E 00 2010E GO 3.+8E-07 0.0 
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A I  REFERENCE 0Xi3E LMFBR A X I A L  BLANKET 
POiriERZ 4.63 IYN/HTI BURNUP= 2530. MdD/MTv F L U X =  9.71E 1 4  N / C M * * Z - S E C  

~ U C L I U E  THERMAL POWER* k A T T S  / M E T R I C  TON ( U + PU 1 

Pp4148 0.0 1.89E 0 1  l o 1 6 E  00 2093E-01 1.09E-01 1oEIOE-08 0.0 
SM151 O m 0  8.63E-01 8.72E-01 8.71E-Gl BoS9E-01 8.52E-01 6.87E-01 
EU154 0.0 1.91F-01 1.90E-01 1.89E-01 1088E-01 1.58E-01 5.ZOE-02 
E U 1 5 5  0.0 2 . 9 6 6  00 2.876 00 2.69E 00 2.53f 00 9o38E-01 3.03E-05 
Ed156 0.0 7.44t 0 1  1.9lE 01 1.19E 00 7 0 4 b E - 0 2  0.0 0 00 
T8160 0.0 5oOSE-01 3.78E-01 2012E-01 1019t-01 1.34E-05 0.0 
60152 0.0 4.35€-01 4.11E-01 3.66E-01 3.27E-01 5.43t-02 4oO4E-10 
TB162H 0.0 3.56F-01 8008E-01 7.21E-01 0044E-01 1.07E-01 7.96E-10 
SUBT3T 0.0 2.45E 04 8.14E 03 +.Ob€ 0 3  2069E 03 2066E 02 3066E 0 1  

C H A R G E  DISCHARGE 30. 0 90. 0 1500 0 1096. 0 10958. D 

Ti3TALS 0.0 3 .31E 05 8.14E 03 4.06E 03 2063E 03 2.676 02 3066E 01 
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A I  REFERENCE O Y I D E  LMFBR AXIAL BLQNKET 
POHER= 4.63 M H / M T ,  BURNUP. 2530. MUU/HT, FLUX' 9.716 1 4  N/CH**2-SEC 

NUCLIDE G A M M A  POWER, hATTS / H E T R i C  T t i N  cl + PU ) 
CHARGE 01 SCHARGE 30. 0 90. 0 150. 0 1096. 0 1.0958. 0 

Y 91 0.0 
Z R  95 0.0 
N E  95M 0.0 
Y B  95 0.0 
MU 99 0.0 
2U103 0.0  
KH106 0.0 
A G l l O M  0.0 
SN125 0.0 
58125 0.0 
Sa126 0.0 
58127 0.0 
TE129N 0.0 
TE123 0 . 0  

1 1 3 1  0.0 
T E 1 3 2  0.0 
1132 0.0 

CS134 0.0 
CS136 0.0 
8A137M 0.0 
t3Al4O 0.0 
LA140 0.0 
CE144 0.0 
PR144 0.0 
NO147 0 . 0  
PH148M 0.0 
PM148 0.0 
EU15G 0.0  
E U l S S  0.0 
T a l 5 0  0.0 
SUbT3T 0.0 

4.27E 00 3eOlE 00 1.48E 00 7.31E-01 1.05E-05 0.0 
1.29E 03 9.36E 02 4.94E 02 2.60E 02 1.09E-02 0.0 
8 . 3 5 E  00 6.44E 00 3.40E 00 1m79E 00 7.49E-G5 1.09E-16 
1.26E 03 1.21E 03 8 s 4 5 f  02 5.09E 02 2e48E-02 0.0 
4.785 02 2 0 7 8 t - 0 1  9e44E-08 3.20E-14 0.0 3 .O 
L e O l E  03 5.965 02 2.OBE 02 7.29E 0 1  4e69E-06 0.0 
9.87E 0 1  9.32E 0 1  8e32E 0 1  7.43E: 01 1.24E 01 1mOlE-07 
1.34E-01 1.23E-01 1.04E-01 8e86E-02 6.64E-03 1.226-14 
2.38E 00 2.61E-01 3.136-03 3.75E-05 0.0 0.0 
1.90E 00 1.93E 00 1.85E 00 1.78E 00 9.14E-01 8.91E-04 
9.80E 00 1.86E 00 6.7OE-02 2.68E-03 2.84f-04 2.84E-04 
5.66E 0 1  2.71E-01 S.95E-06 1.31E-10 0.0 0 .o 
7e21E 00 3.94E 00 1.16E 00 3e' i lE-01 1.44E-09 0.0 
4.17E 01 5.78E 00 1.70E 00 5.01E-01 2.11E-09 0.0 
4.65E 02 3.61t 01  2.06E-01 l e l 8 E - 0 3  0.0 0.0 
1.44E 02 2.41E-01 6.866-07 1.95E-12 0.0 0.0 
3 . 5 5 6  03 5.97E 00 1.70E-05 4e85E-11 0.0 0.0 
3.71E 00 3.61E 00 3.41f 00 5 e 2 3 E  00 1.35E 00 1e49E-04 
1.07E 02 2.17E 01 8.85E-01 3.61E-02 0.0 0.0 
3.00E 0 1  3.00E 01 2.98E 0 1  2.97E 0 1  2.80E 01 1.50E 01 
5.08E 02 I e O O E  02 3.88E 00 1.51E-01 0.0 0 .o 
4.14E 03 9e27E 02 3e60E 01 1 e Q O E  00 Le40E-18 0.0 
3.23E 01 3.00E 0 1  2.59E 0 1  2.24E 01 2.23E 00 7.83E-11 
2 .48E 0 1  2.26E 01 1m95E 01 1.63E 01  1.68E 00 5.916-11 
2e13E 0 1  3.27E 00 7.726-02 1.82E-03 0.0 0 .o 
2.27E 01 1.38E 0 1  5.14E 00 1.91E 00 3e17E-07 0.0 
8.69E 00 5.34E-01 1.35E-01 4.99E-02 8e29E-09 0.0 
1.60F-01 1.60E-01 1.59E-01 1.58E-01 1.41E-01 4.37E-02 
5.65E 0 1  1.45E OA 9.07E-01 5.676-02 0.0 0 .O 
4.14F-01 3.10E-01 1.74E-01 9.78E-02 1.1OE-05 0.0 
1e34E 04 4.07E 03 1.776 03 9.986 02 4.68E C 1  1.506 01 

T O T A L S  0.0 1 . 1 1 E  05 4.07E 03 l o 7 7 E  03 9.98E 02 4.68E 0 1  1.51E 01 
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A I  REFERENCE OXIDE LMF_BR- AXIAL BLANKET 
POWER= 4.63 MIJ/ i ITq BURNUP= 2530. HdO/#T, FLU%= 9.71E 1 4  N/CM**Z-SEC 

ELEMENT THERMAL POWER, WATTS / M E T R I C  TON FUEL CHARbEO T O  REACTOR 
CHARGE DISCHARGE 30. 0 90. 0 150. 0 1096. D 10958. 0 

H 
ZN 
GA 
GE 
A S  
SE 
BR 
I(R 
RB 
SR 

Y 
Z R  
N B  
MO 
TC 
RU 
RH 
PD 
A G  
tD 
I N  
SN 
SB 
TE 
I 

XE 
t S  
BA 
LA 
CE 
PR 
NO 
P# 
sn 
EU 
GO 
T B  
D Y  
HO 

om 0 
o m  0 
0.0 
o m  0 
0.0 
om 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
O m 0  
o m  0 
0 .0  
0 .0  
0.0 
0 .0  
0.0 
0.0 
0.0 
o m  0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

TOTALS 0.0 

i . 8 2 ~ - 0 3  i . 8 1 ~ - 0 3  I. 7 9 ~ - 0 3  i . i a f - 0 3  i . 5 4 ~ - 0 3  3 . 3 5 ~ - 0 4  
4.141-02 9004E-07 60 30E-16 0.  3 0.0 0.0 
3m33E 00 1.82E-05 8m69E-15 0.0  0.0 0.0 
3055E 00 5m18E-20 0.0 G o  0 0.0 0.0 
6.09E 01 6m42E-07 4. 04E-18 0.0  0.0 0.0 
9045E 0 2  5.626-06 5m62E-06 5.62E-06 5m62E-06 50626-06 
l e 0 3 E  04 4e28E-07 2.32E-19 O m 0  0.0 O m 0  
1 o l O E  04 1033E 00 1.32E 00 1.31E 00 l o l O E  00 1.Y4E-01 
2.70E 04 1.196-01 1028E-02 1.38E-03 8.386-10 8m38E-10 
1.70E 04 3037E 02 1 0 5 4 E  02  7024E 0 1  5007E 00 20b lE  00 
2071E 04  5m25E 02 2.71E 02 1.46t 02  2.23E 01 1.14E 01 
4 0 2 2 E  0 3  1 m 1 4 E  03 6m01E 02  3ml7E 02  1m33E-02 1050E-05 
20’20E 04 1028E 03 8.98E 02 5.4OE 02 2.63E-02 1078E-05 
1 0 4 8 E  04 9m60E-01 3m25E-07 l o l O E - 1 3  0.0 0.0 
2m11E 04  1.74E-01 8m01E-04 8e91E-04 Bm01E-04 8001E-04 
4m07E 03 6.82E 02 2m42E 02 8m66E 01 6.36E-01 5.11E-09 
3.60E 03 8m26E 02 7011E 02 6.25E 02 lm04E 02 8m45E-07 
3020E 02 1081E-10 0.0 0.0 0.0 0.0 

7. 56E 01 2m54E-01 9. 69E-02 3.73E-02 7. OOE-04 1084E-04 
2 0 2 4 E  02 20966-04 2.946-06 lm2BE-06 2058E-12 0.0 
4o5OE 03 2.99E 00 lm22E-01 6.36E-02 1.52E-03 8.72E-04 
2004E 04  7034E 00 3054E 00 3.266 00 1066E 00 2014E-03 
1.58E 04 7084E 01 2m54E 01 9.286 00 1.83f-01 l .72E-04 
3.22E 04 7.06E 01 3059E-01 2m05E-03 1m45E-06 1.45E-06 
1.69E 04 9035E 00 2m74E-02 7 0 4 8 f - 0 4  0.0 0 00 
2.8LE 04 4.04E 01 1.79E 01  1.686 01 1.39E 01 6.62E 00 
1m02E 0 4  2043E 02 3081E 01 3.0OE 01 2080E C l  1.50E 01 
2000E 04 1;20E 03 4067E 01 1m81E 00 1081E-18 0.0 
7054E 03 4049E 02 1.90E 02 1.09L 02 8024E 00 2040E-10 
9e56E 03 1 o l O E  03 8022E 02 7004E 02 6.99E 01 2m46E-09 
1.44E 03 7m61E 01 1.80E 00 4.24E-02 0.0 0.0 
1021E 03 3.72E 01 2060E 0 1  2014E 01 9068E 00 7065E-03 
1..30E 02 8.736-01 8.7lE-01 8m63E-01 8.52k-01 6m87E-01 
2023E 02 2022E 01 4008E 00 2073E 00 l o l l €  00 5.26E-02 
1 0 6 4 E  0 1  4011E-01 3066E-01 3.276-01 5m43E-02 4004E-10 
3.22E 00 1025E 00 9.346-01 7063E-01 1007E-01 7096E-10 
9.89E-02 2m67E-05 1030E-10 6m31k-16 0.0 0 .O 
6m51E-02 2006E-04 lo00E-09  4087E-15 0.0 0 00 

2 . 6 3 ~  02 1 . 9 8 ~  00 1 . 2 2 ~ - 0 1  9 . 7 a ~ - o z  7 .32~-03  i . 3 5 ~ - 1 4  

3.32E 05 8.14E 03 4.G6E 03 2m69E 03 2e67E 02 3066E 0 1  
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A I  REFERENCE OXIDE L M F B K  R A D l A L  ELANkET 
POAER= 8.35 MW/PiT, BURNUP= 9130. M M D / I ~ T I  FLUX= 1.35E 1 5  N/CW**Z-SEC 

NUCLIDE CCNCENTKATl0N.S. G R A M S  / M t T F t I C  TON I J + PU 
CHARGE DISCHCRGE 3c .  0 90. U 150. 0 1096. D 10958. D 

a R  8L 0.0 
S E  82 0.0 
K R  83 0.0 
KR 84 0.0 
.(R 85 0.0 
R B  8 5  (2.0 
KR 96 0.0 
RB 87 0.0 
S R  88 0.0 
S R  89 0.0 

Y 89 0.0 
S R  90 0.0 
LR 90 0.0 

r 91 0.0 
Z R  91  0.0 
LK 92 0.0 
LR 93 0.0 
LK 94 0.0 
L R  95 0.0 
\18 95 0.0 
MU 95 0.0 
Z R  96 0.0 
?I9 97 0.0 
Y O  98 0.0 
T C  93 0.0 
+lo100 0.0 
au100 0.0 
RUlOl  0.0 
211102 0.0 
RU103 0.0 
KH103 0.0 
RUlO4 0.0 
PO135 0.0 
RUlO6 0.0 
PU105 0.0 
PO107 0.0 
PO108 0.0 
AG103 0.0 
P O I 1 0  0.0 
t 3 1 1 1  0.0 
t o 1 1 2  0.0 
5812'1 0.0 
Sti125 0.0 
SN125 0.0 

I 1 2 7  0.0 
TE128 0.0 

1123 0.0 

20GbE 00 2.04li 00 2.04E 00 2.04E GC 2004E 00 Z o O G E  
3.90E 00 3.90E 00 3.90E 00 lio9Ot: 00 3.90E 00 3090E 
1.455 01 1.45E 0 1  1.45E 01 1.45E 0 1  1.45E Oi 1.45E 
2.65.C 0 1  2.65f 0 1  2.65E 0 1  2.O5E 0 1  Z.65E C 1  2.65f 
6056"E 00 6.53E 00 6.466 00 6.39E 00 5o41E 00 9.50E 
1 . 3 3 ~  01 1 . 3 4 ~  01 1 . 3 4 ~  01 1.355 c i  1 . 4 5 ~  O A  i . a w  
3.49k 01 3.48t 0 1  3.48E 01  3.48E 0 1  3.48E 01  3.48E 

5.5dE 01 6.50E 01 6.50E Oi 6.50E 61 6.50E C 1  6.50E 
9 . 2 3 E  00 6.19E 00 2.78E 00 1.25E OG 4.17E-06 0.0 

9.83E 01 R.8lE Oi 8.78E 0 1  &.74t 0 1  8620E 01  4.2iE 

4050E 01 4050E 01 4.50E 0 1  4050E 01 4.50E 01 4.50E 

5.78F: 01  7.08E 01 7.43E 0 1  7.56E G1 7.71E 01  7.71E 

2024E 00 2.42E 00 2.78E 00 3013E 00 8.54E 00 ' 4 0 8 4 f  
1.46E 01 1.03E 01 5.085 00 2 0 5 0 t  00 3.61E-05 000 
9047E Gl 3.9OE 01  1.04E 02 1.07E 02 1.09E 02 1009E 
1.30E 02 1.30E 02 1.30E 0 2  1.30E 02 1.30E 02 1.30E 
1 0 5 1 E  02 1 . 5 2 k  02 1.52E 0 2  1.52€ 02 1.52E 02 1052E 
1.67E 02 1.67E 02 A.67E 02 1.57E 02 1.67E 02 1.57E 
3.05E 0 1  2.22E 01 i .17E 0 1  6.17f 00 2.58E-04 0.0 
1 0 5 7 E  01 1.43E 0 1  1 0 0 3 E  01  6 0 l t l E  00 3.00E-04 0.0 
1 0 4 6 E  02  1.56E 02 1.7AE 02 lo8OE 02 1.33E 02 1.93E 
1 .91E 02 1.91E 02 1 . Y l E  02  1.9AE 02 l i Y l E  02 1.9LE 
2 0 2 3 F  02 2.23E 02 2.256 02  2.23E 62 2.23f 02 2.23E 
2113E 02 2.13E '52 2013E 02 2013E 02 2.13E C2 2.13E 
2017E 02 2.19E 02 2.19f 02 i o 1 9 E  02 Zo19E 02 2019E 
2030f 02 2.36E 02 2 0 3 6 E  02 2.3OE 02 2.366 02 2036E 
2022E 00 2022E 00 20Z2E 00 2.22; OC 2022E 00 2 0 2 L E  
202QE 02 2020E 02 2 0 2 0 t  0 2  202OE 02 Z o Z O E  02 2020E 
2.35E 02 2.35E 02 2.35E 02 2035E 02  2 .35E 02 2.35E 
2.23f 01  1.32E 0 1  4.62E 00 1062E 00 1004E-07 0.0 
2.07E 02 2.16E 02 2 o Z 4 t  02 2027E 02  2 0 2 9 f  02 2.29E 
i . 9 a ~  0 2  1 . 9 8 ~  02 1 . ~ 8 ~  02 1 . 9 8 ~  02 1 . 3 8 ~  02 1 . 9 8 ~  
1.33E 02  1.30E 02 1.30E 02 1 0 3 0 f  02 1.30E 02 1.30E 
7049E 01 7007€ 01  b.31E 0 1  5.64E Gl 9044E 00 7.69E 
5.h6E 01  6.07E 01  6.83E 0 1  7.50E 0 1  1022E 02 l o 3 l E  
9.80E 01  3.80E 01 9.80t 01 9.8GE 01 9.80E CA 9080E 
4.72E 01 4.72E 01 4.72E 01 4.72E G l  4072E Oi 4.72E 
4.92E 01 4093E 01  4093E 0 1  4093E 0 1  4093E 01 4093f 
3.55E 00 3.56E 00 3.565 00 3.56E 00 3.56E 00 3.56E 
8.72t OG 8.94~ 30 ~ 3 . 9 5 ~  00 8 . 9 5 ~  06 8.95~ 00 a . 9 5 ~  
5.02E 00 5004E 00 5.04E 00 5.04E 00 5.04E 00 50C4,E 
2.38E 00 2.39t 00 2039E 00 2039E 00 2.40E 00 2.43E 
3.34E 00 3.36E 00 3.23E 00 3009t: 00 1e59E OG 1.55E 
7.,82E 00 7082E 00 7.82E 00 7 . 8 i E  OG 7e82E 00 7082E 
1.56E 01 1.6OE 0 1  1.63E 0 1  1.65E 01 l o t 9 E  01 1069E 
2.73E 01 2.78€ 01 2.78E 01 2.786 0 1  2.78E 01 2.78E 
6.78E 01 6.89E 91 6.98t 01  7 o O O t  01 7.01E 01 7.01E 

00 
00 
0 1  
0 1  

-0 1 
0 1  
0 1  
0 1  
0 1  

0 1  
0 1  
0 1  

02 
02 
02 
02 

02  
02 
0 2  
02 
02 
0 2  
00 
0 2  
02 

02  
02 
02 

-0 8 
02  
01 
0 1  
0 1  
00 
00  
00 
00 
-03 
00 
01  
0 1  
0 1  
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A I  REFERENCE O X I D E  LMFBR RADIAL BLANKET 
POIJER= 8.35 Mh'/MT* BURNUP= 81JO. MrJD/MT* FLUX= 1035E 1 5  N/CM**Z-SEC 

WCLIDE C C N C E N T R A T I O ~ S ,  G K A ~ S  M E T C ~ X C  ruhr L + PU 1 
CHARGE DI SCHPRGE 30. D 90. D 150. D .1096r  0 10958. 0 

T E 1 3 0  0.0 
XE131 0.0 
XE132 0.0 
CS133 0.0 
<E134 0.0 
CS136 0.0 
65135 0.0 
KE135 0.0 
BA135 0.0 
CS137 0.0 
BA137 0.0 
BA138 0.0 
LA139 0.0 
LE140 0.0 
LE141 0.0 
PR141 0.0 
LE142 0.0 
PR143 0.3 
NO143 '2.0 
CE144 C O O  
N0144 0.0 
NO145 0.0 
NO146 0.0 
PM147 0.0 
SN147 0.0 
NO149 0.0 
SM14B 0.0 
SM149 0.0 
N D 1 5 i )  0.0 
SMl50 0.0 
SM151 0.0 
S14152 0.0 
EU153 0.0 
SM15'+ 0.0 
EU155 0.0 
LO155 0.0 
so155 0.0 
50157 0 . 0  
" 0 1 5 8  0.0 
TB153 0.0 
SUBTUT 0.0 

'TOTALS 0.0 

3.13E 01 9.10E 01 9.10E 01  9.10E 01 9.10E 01 9.10E 01  
1.56E 02 1.59E 02 1.59E 02 1.59E 02 1.53E 02 1.59E 02 
202SE 02 2.30E 02 2.30E 02 2.30E 02 2.30.E 02 2.30E 02 
2.78E 02 2.E3E 02 2.83E 02 2083E 02 2.83E 02 2.83E 02 
3.25E 02 3.25E 02 3.256 02  3025E 02 3025E C2 3.25E 02 
2.15E 00 2.10E 00 1.38E 00 1.87E 00 7.81E-01 8065E-05 
3.066 02 3.06E 02 3.06E 02 3.06E 02 3006E C2 3.06E 0 2  
2.91E 02 2091E 02 2.91E 02 2091E 02 2.41E 02 2.91E 02 
6.666 00 6088E 00 6.93E 00 6094E 00 6094E 00 6094E 00 
3.00E 02 3.00E 02 2.98E 02 2.97E 02 2080E 02 1.50E 02 
6.79E 00 7036E 00'8.50E 00 9063E C O  2.69E 01 1.57E 0 2  
2.966 02 2.96E 02 2.96E 02 2.56E 02 2046E 02 2096E 0 2  
2 0 8 4 E  G2 2.84E 02 2.84E 02 2.84E 02 2084i i  02 2.84E 0 2  
2 . 8 0 ~  02 2.89~ 02 2 . 3 1 ~  02 2 . 9 1 ~  02 2 . 9 1 ~  02 2 . 9 1 ~  02 
2 . 3 3 ~  01 i . z 4 t  01 3 . 4 2 ~  00 9.696-01 L.Y+E-CI~ 0.0 
2.64E 02 2.75f 02 2.84E 02 2086E 02 20d7E 02 2.87E 02  
2068E 02 2.68E 02 2.68E 02 2068E 02 2.68E 02 2.68E 02 
9039E 00 2.29E 00 1 o l O E - 0 1  502E1E-03 0.0 0.0 
2056t 02 2064E 02 2.67E 02.2.61E 0 2  2.67E 02 2.67E 02  
1.03F 02 9060E 01 8.29E 01  7.16E 01  7.12E 00 2.5lE-10 
l o l 6 E  0 2  1.24E 02 1.37E 02 1.48E 02 2012E 02 202CE 0 2  
2.07t 02 2.07E 02 2.07E 02 2.07E 02 2007E 02 2.07E 02  
1.89E 02 1.88F 02 1.88E 02 1.8bE 02 1088E 02 1.88E 0 2  
1 . 1 7 ~  02 1 . 1 8 ~  02 1 . 1 3 ~  02  i .oaE 02  5 . 4 6 ~  01 4 . 3 2 ~ - 0 2  
3034E 0 1  3.60t 01 4.10E 0 1  405tlE 01 9096E 01 1054E 02 
1.14E 02 1014E 02 l o l 4 E  02 1014k 02  l o l 4 E  02 1.14E 0 2  
5 . 2 8 E  00 5.4Rk 00 5.63t 00 5 .69E 00 5.13E 00 5.73E 00 
8.25E 01 9.30E 01 8.30E 01  8030E 01  8.30E Cl 8.30E 01 
6.83E 01 6.83E 01 6.83E 01 6063E 0 1  6 0 b 3 E  01 6083E 0 1  
2.74F 00 2.74E 00 2. 74E 00 2 0 7 4 E  00 2.74E CO 2.745 00 
5033E 01 5034E 01 5034E 01  5033E 0 1  5.22E 01 4021E 0 1  
4 2 4 F  01 4.24E 01 4.24E 0 1  4.24E 01 4024E 01 4.24E 01  
2oG3E 01 2.04E 01 2.04t  0 1  L004E 01 2.04E 01 2 0 0 4 f  01 
1.42E 0 1  1.42t 0 1  1042E 0 1  1.42f 01  1042E 01 1042E 0 1  
1002E 0 1  9084E 00 9 0 2 4 t  00 8067E 00 3.22E 00 1.04E-04 
3047E 00 3.78E 00 4038E 00 4094i i  00 1 0 0 4 E  01 1036E 01 
7.326 00 7059F 00 7.67E 00 7.67,E 00 7.67E 00 7.67E 00 
4.24E GC 4 0 2 5 E  00 4025ti 00 4025E 00 4025E 00 4025E 00 
8.98E 00 8.98E 00 8.98E 00 8.98E 00 8098E 00 8098E 00 
4.66E 00 4.68E 00 4.68k 00 406dE 00 4.68E 00 4068E 00 
8.57E 03 8.60E 03 8.60E 03 8obOE 0 3  8060E 03 8059E 03 

5.63E 0 3  8.63E 03 8.63E 03 8.63E 03 8063E 03 8063E 03 
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A I  REFERENCE O X I D E  LMFBR RADIAL BLANKET 
POWER- 8.35 M W / Y T e  BURNUP= 8100. Mr lD/MT,  FLU&= 1m35E 1 5  N/CM**Z-SEC 

ELEMENT CONCENTRATIONSg GKAMS / M E T K I C  TON FUEL CHARGED Ti) KEACTOK 
CHARGE 01 SCHARGE 30. D 90. D 1500 D 1096. L) 109580 0 

H 
ZN 
G A  
;E 
A S  
SE 
BR 
KR 
RB 
SR 

Y 
ZR 
NB 
YO 
T C  
RU 
RH 
PO 
AG 
t D  
IN 
SN 
SB 
T E  

I 
YE 
c s  
B A  
LA 
CE 
PR 
N O  
PH 
SI4 
EU 
GO 
T B  
.D Y 
ti0 
E R  

0.0 
0 . 0  
0 .0  
O m 0  
Om 0 
O m  0 
O m  0 
O m  0 
0 .0  
0.0 
O m  0 
0.0 
O m 0  
O m 0  
Om 0 
0.0 
Om 0 
Om 0 
Om 0 
0 . 0  
Om 0 
Om 0 
O m  0 
Om 0 
0.0 
O m  0 
O m  0 
Om 0 
O m 0  
0.0 
Om 0 
0.0 
0.0 
Om 0 
0.0 
O m  0 
O m  0 
0.0 
O m 0  
Om0 

TOTALS O m 0  

10 85E-02 1m84E-02 1.836-02 1m81t-02 l a  56E-02 3.41E-03 
9m2OL-05 2m01E-09 9.57E-19 O m 0  0.0 O m 0  
2m93E-05 8m74E-10 4mlbE-19 0.0 O m  0 0 a 0  
6m22E-02 6m23E-02 6.236-02 6m23k-02 6m23E-02 6m23E-02 
1.8ZE-02 1m79E-02 1. 79E-02 1m79E-02 1m79E-02 lm79E-02 
5m9BE 00 5098E 00 5098E 00 5096E OG 5m98E 00 5m98E 00 
2004E 00 2m04E 00 2004E 00 2m04t 00 2o04E 00 2o04E 00 
8m24E 0 1  8m24E 01 8.23E 01 8m22E 0 1  8m13E 01 7m68E 0 1  
5083E 01 5m83E 01 5,846 01 5m85E 01 5o95E C 1  6m39E 01 
1m63E 02 1m59E 02 1.56E 02  lm54E 02 1m47E C2 1m07E 02 
8m27E 0 1  8m12E 01 7094E 01  7.836 01 7m71E 01 7 0 7 l E  0 1  
7067E 02 7m63€ 02 7m58E 02 7.561: 0 2  7057E 02 7m97E 02 
1m58E 01 1049E 01 1m03E 0 1  6m1YE 00 5m80t-04 2ml7E-03 
8m22E 02 8m30i 02 8m45E 02  8m54E 02 8mb7E 02 8m67E 02 
Zm17E 02 2.19E 02 2019E 02 2m19E 02 2m19E 02 2019E 02 
7m52E 02 7m38E 02 7m22E 02 7m12f 02 6mb4E 02 6m54E 02 
2m07E 02 2016E 02 2m24E 02 2m27E 02 2.291: 02 2m29E 02 
3m35t 02 3m40E 02 3m47E 02 3m54E 02 4m01E 02 4 m l l E  02 
4m94E 01 4o93E 01 4.936 01  4093E 01 4093E 01 4m93E 0 1  
1m81E 01 1083E 01 1m83E 0 1  1m83E 01 1.83E 01 1m83E 0 1  
9.86E-01 9e92E-01 9o94E-01 9m96E-01 9m99E-01 1m02E 00 
1.56€ 01 1m55E 01 lm54E 0 1  1054E 01 1m54E 01 1m54E 01  
7m24E 00 6.986 00 bm85E 00 6m72E 00 5m22E 00 3m67E 00 
lm26E 02  1023E 02 1m22E 0 2  1m22E 02 1o23E 02 1m24E 02 
8076E 0 1  8m51E 01 8060E 01  8m65k 01 8m7OE C 1  8m70E 0 1  
1 m 0 1 E  03 l m O 1 E  03 1.01E 03 1m01E 03  1m01E 03 1.01E 03 
8m87E 02 8m91E 02 8m90E 02 8m88k 02 8m70E C2 7m39E 02 
3m19E 02 3mL3E 02 3012E 02 3m13E 0 2  3m32t 02 4m62f 02 
2m86E 02 2m85E 02 2m84E 02 2m84E 02 2m84E 02 2.84E 02 
6m76E 02 6065E 02 6m45E 02 bm32E 02 5m66E 02 5m59E 02 
2m73E 02 2e77E 02 2.84E 02 2m8bE 02 2m87E 02 2.87E 02 
Y053E 02 9m66E 02 9.80E 02 9.92E 02 1m06E 03 l m O b E  03 
l . i 8 E  02 1.18E 02 1 m 1 3 E  02 l o 0 6 E  02 5.46E 01 4 m 3 2 E - 0 2  
2m34E 02 2m37E 02 2m42E 02 2m47€ 02 3 e 0 0 E  02 3044E 02 
3 o 2 l E  01 3m17E 0 1  3m11E 01 3r06E 0 1  2061E 01 3m24E 01 
2m48E 01 2m54E 01 2m60E 01 2066E GA 3m20E 01 3m57E 0 1  
4m73E 0OP4m71E 00 4m70E 00 4m69E 00 4mb8E 00 4m68E 00 
1.43E O@ 1m47E 00 1m52E 0 0 . 1 o 5 S E  00 1.73E 00 1m76€ 00 
2m78E-02 2m78E-02 2078E-02 2.786-02 2o78E-02 2078E-02 
1o69E-02 1m72E-02 1. 72E-02 1072E-02 1.72E-02 lm7LE-02 

8m63E 03 8m63E 03 8m63E 03 8m63E 03  8m63E 03 8m63E 03 
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A I  REFERENCE O X I D E  LMFBK RADIAL 3 L A N K E T  
POWER= 8.35 M d / M T v  BURNUP= 8130. MWD/MTq FLUX= 1.35E 1 5  N/CM**2-SEC 

NUCLIDE R A D I O A C T I V I T Y q  C U R I E S  / M E T R I C  TON [ J + PU j 
CHARGE LJISCHPHGE 30. D 90. 0 i 5 O o  0 1096. 0 109590 D 

H 3 0.0 
SE 79 0.0 
I ( K  85 0.0 
R B  86 0.0 
SR 83 0.0 
SR 90 0.0 

Y 90 0.0 
Y 91 000 

Z R  93 0.0 
Nt) 93i-4 0.0 
ZR 95 0.0 
Ntl 95M 0.0 
NB 95 0.0 
t40 99 0.0 

T C  99 0.0 
RU103 0.0 
RH103M 0.0 
RH105 0.0 
RUlO5 0.0 
RH106 0.0 
P G l l O M  0.0 
AG113 0.0 
A G l l l  0.0 
CD113M 0.0 
I N l 1 4 M  0.0 
IN114 0.0 
C D 1 1 5 M  0.0 
CD115 0.0 
IN115M 0.0 
SN117M 0.0 

SNl2 lM 0.0 
58122 0.0 
SN123M 0.0 
T E 1 2 3 M  0.0 
S0124 0.0 
SN125  0.0 
SB125 0.0 
TE125M 0.0 
SN125 0.0 
SB12bi-4 0.0 
SO126 0.0 
S5127 0.0 
TE127M 0.0 
TE127 0.0 
TE129M 0.0 

r c  9914 0.0 

SNll9iA 0.0 

1.79E 0 2  1.7YE 02 1 0 7 7 E  02 1075E 02 1052E 02 3031E 01 
3.61E-02 30616-02 3.6lE-02 3.516-02 3061E-02 3061E-02 
2.57E 03 2.556 03 2053E 03 20SOE 03 2.11E 03 3.71E 0 2  
3.56E 02 1.17E 02 1 0 2 6 E  01  1 0 3 S f  00 7.68E-16 0.0 
2.61E 05 1 0 7 5 E  OS 7.85E 04 3053E 04 lmAtrE-01 0.0 
1.25E 04 1.25E 04 1o24E 04 1024E 04 l o l 6 E  04 5096E 03 
1.26E 04 1.25E 04 1.24E 04 1.24E 0 4  i.16E 04 5.96E 03 
3.57C 05 2051E 05 1024E 05  6 0 1 1 E  0 4  8081E-01 0.0 
3.88E-01 3e89E-01 3. 89E-01 3099E-01 3.8YE-01 3089E-01 
1090E-02 2o06E-02 2.3bE-02 2067E-02 7. 1GE-02 3eG9E-01 
6046E 0 5  4.69E 05 20+7E 05 1 0 3 1 L  05 5046E 00,O.O 
1029E G4 9096E 03 5025E 0 3  2077E 03 1016E-01 1.68E-13 
6 0 1 6 f  05 5 0 8 5 E  05 4 0 0 5 t  05  2043E 05 1018E 01 0.0 
7053C 05 4039E 02 1oC9E-04 5.34k-11 0.0 0 .O 
6.55E 0 5  4o19E 02 1.42f -04 4.82E-11 0.0 0.0 0 
3.70E 00 3073E 00 3073E 00 3073E 00 3073E 00 3073E 00 
7.15E 05 4.23E 05 1.48E 05 5019E 04 3033E-03 0.0 
7.15t: OS 4024E 05 1048E 05 5.18k 0 4  3.34E-C3 0.0 
4 0 4 4 f  05 4o08E-01 3043E-13 6 . 3  0.0 0.0 
2051E 05 2.37E 05 2.1212 05 1.89E 05 3017E 04 2.58E-04 
2.515 05 2.37E 05 Z012E 0 5  1089E 05 3.17L 04 2058E-04 
3.19E 01 7054E 01 O.40E 01 5 0 4 3 E  01 4oQ6E 00 7o48E-12 
5.42f 03 9.8OE 00 8 . 3 2 E  00 7006E 00 5.28E-Cl 9072E-13 
3.51E 04 2020E 03 8058E 00 3.35E-02 0.0 0 00 
6 0 3 7 E  00 6.34E 00 6029E 00 6024f i  00 5o49E 00 1044E 00 
4.87E-02 3021E-02 1.4OE-02 6 o O B E - 0 3  1.23E-CB 0.0 
7.99E-02 3010E-02 1.356-02 5.87f-03 l . ldE-08 0.0 
1.66E 02 1002E 02 3089E 0 1  1048E 0 1  3.52E-C6 0.0 
2.41f 03 2015E-01 1.70i-09 1.3CE-17 0.0 0.0 
2.41E 0 3  2.35E-01 1086E-09 1047E-17 0,oO 0 .O 
2.07t-01 4.68E-02 2.4OE-03 1023E-04 0.0 0.0 
9.15E 00 8042E 00 7.13t 00 6003E 00 4038E-01 5083E-13 
6.23E 00 6.22E 00 6021E 00 6.2C.E 00 6006E 00 4o74E 00 
1.06f 02 6033E-02 2.24E-08 7035E-15 0.0 0.U 
l o 2 6 E  02 1.06E 02 7062E 01 5045E .01 2.88E-01 0.0 
9 0 9 1 € - 0 2  8.30E-02 5.  BlE-02 4oOBE-02 1.50E-04 0.0 
4.24ii 0 1  3 r 0 0 E  01 1 o S O E  01 7 . 4 9 E . O C  1035E-04 0.0 
1 0 1 4 E  04 1024E 03' 1049E 01 1079E-01 0 e . 3  0.0 
3.54E 03 3.56E 03 3.42E 03  3.28t 03 1.69E 03 1.64i  00  
1.18E 03 1.24E 03 1.30E 03 1031E 03 6099E 02 6081E-01 
2.22k-01 2022E-01 2022E-01 2.22E-01 2022E-01 2022E-01 
2.16E 03 2022E-01 2.22f-01 2. i2E-01 2022k -01  2022E-01 
2.25E 03 4.27E 02 1.56t 01 ,7070E-01 2.20E-Ol 2020E-01 
5083E 04 2078E 02 6012E-03 1 0 3 4 t - 0 7  0.0 0.0 
1.04E 04 9 o 0 3 E  03 6.17E 03 4021E 03 1.03E 01 0.0 
5 0 5 8 E  04 9.17E 03 6.1OE.03 4.16E 03  1002E 01 8.87E-07 
6.936 04.3.78f  04 1.11E 04 3o27E 03 1.3'8E-05 0.0 
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A I  REFERENCE OXIbE LHFBR RADIAL BLANKET 
POrlEH= 8.35 MW/MT,  BURhUP= 8130. MMD/MT, FLUX= 1.35E 1 5  N/CM**2-SEC 

VUCLIOE R A D I O A C T I V I T Y ,  C U R I E S  / M E T R I C  TON ( J + PU j 
CHARGE DISCHARGE 30. 0 90. D 150. D 1096. 0 10958. 0 

~ ~ 1 2 9  0.0 
I 1 2 9  0.0 
I 1 3 1  (3.0 

X E 1 3 1 f l  0.0 
TE132 0.0 

1132 0.0 
XE133M 0.0 
XE133 0.0 
CS134 0.0 
CS135 0.0 
ZS135 000 
CS137 0.0 
t3A137M 0.0 
BAl4O 0.0 
LA140 0.0 
:El41 0.0 
LE143 0.0 
PR143 0.0 
LE144 0.0 
PKl44  0.0 
NO147 0.0 
PM147 0.0 
PH168M 0.0 
PM148 0.0 
PM149 0.0 
SH151 0.0 
EU152 0.0 
SM153 0.0 
GD153 0.0 
EU154 C O O  
EU155 0.0 
EU155 0.0 
JB160 0.0 
TB161 0.0 
LO162 0.0 

OY166 0.0 
ti0166 0.0 
SUBT3J C O O  

~ a i 6 z ~  0.0 

1.72E 0 5  2.42E 04 7.13t 0 3  2.10E 03 3.84E-06 000 
l . l l E - 0 2  1012E-02 1.14E-02 1.14t-OZ 1.14E-02 1014E-02 
4.17E 05 3.24E 04 1.85E 02  1.05E 00 0.0 0 00 
3038E 03 1.33E 03 5.426 01 1.67E 00 0.0 0.0 
5.686 05 9 . 8 0 ~  02 2 . 7 9 ~ - 0 3  7 . 3 6 ~ - 0 9  0.0 0.0 
5.96E 05 1.0.1E 03  2.88E-03 8.2OE-09 0.0 0.0 
1.68E 04 2071E 00 2076E-08 2081E-16 0.0 0.0 
7.46E 05 1.72k 04  6044E 00 20416-03 ( r e 0  0.0 
2.80f 03 2.73E 03 2.58E 0 3  2 . 4 4 E  03 1002E 03 lo13E-01  
2.70F-01 2.70E-01 2.70E-01 2e70E-01 2.70E-01 2.70E-01 
1.99E 04  4.02E 03 1 0 6 4 E  0 2  6 . 5 3 E  00 0.0 0.0 
2.61E 04 2o61E 04 2.60E 0 4  2.59E 04 2o44E 04 1.31E 0 4  
1044E 0 4  2.44E 04 2.43E 04 2.42E 0 4  2e28E 04 1o22E 0 4  
6.57E 05 1 o 2 9 f  05 5.02E 0 3  1.95t 02 0.0 0 00 
6.71E 05 1.49E 05 5 . 7 8 t  03  i . 2 4 E  02 2.24€-16 0.0 
6.68E C5 3053k C5 9079C 04 2.71E 0 4  4.4lE-05 0.0 
5 0 2 6 E  05 1.71E-01 1.256-14 0.i) 0.0 0.0 
6.26t 0 5  1053E 05 7.33E 0 3  3.52t 02 G o 0  0.0 
3.30E 05 3007E 05 2.65t 05 2.29E 05 2.27E 04 8.00E-07 
3039E 05 3o07E 05 2.65E 05 2.29E 0 5  2.27E 04 8000E-07 
3035F 05 5.15E 04 1.22E 0 3  2.d7E 01 0.0 0.0 
1.08E 05 1.09E 05 1.05E 05 1.01E 05 5.07E 04 4001E 01 
3.24E 03 5.02E 03 1086E 03  6 0 3 3 t  02 1.15E-04 0.0 
3.1215 03 5083E 02 1.50E 02 5057E 01 Y.23t-06 0.0 
1.86E 05 1.60E 01  1olOE-07 7.536-16 0.0 0 00 
1.45E 03 1 0 4 6 E  03 l o 4 5 E  03  l . + 5 t  0 3  1.42E 03 1o15E 0 3  
2.62C 00 2.61t 00 2.596 00 2.56E 00 2021E 00 4064E-01 
4.726 04 1.16E 00 6.97t-10 0.3 0.0 0.0 
5.41F-02 4.97E-02 4.18k-02 3.5LE-02 2.34f-03 1026E-15 
1.35E 0 2  1.35€ 02 1034E 02  1033E 02  1.19E C2 3069E 01  
1.29E 04 1.25E 04 1 0 1 8 t  04 l o l l t  0 4  4.10k 03 1032E-01 
1.94E 04 4097E 03 3.11E 0 2  1094E 01 2.01E-18 0.0 
5043E 02 4.07E 02 2.29E 0 2  1.28€ 0 2  1.44E-02 0.0 
2.66E 03  1.31E 02 3.16E-01 7 o b l t - 0 4  0.0 0.0 
5.80E 02 5048E 02 4089E 02 4.36E 02 7.246 01 5.39E-07 
5.806 02 5.48E 02 4089E 02 4035E 02 7.24E 01 5.39E-07 
4055E 0 1  9.96E-02 4 0 8 4 t - 0 7  2.36E-12 0.0 0.0 
4093E 0 1  1.49E-01 7.23E-07 3.52E-12 0.0 0 00 
1.32E 0 7  4062E 06 2.47E O b  1055k 06  2.41E 05 3.88E 0 4  

TOTALS 0.0 b o 4 1 E  07 4.62E 06 2.47f 0 6  1.65E 06 2041E 05 3.88E 04 
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A I  REFERENCE O X I D E  LMFBK RAOIAL BLANKET 
POWER= 8.35 HIJ/MT* BURNUP= 8130. M d D / M T *  FLUX= 1.35E 1 5  N/CM**Z-SEC 

NUCLIDE THERRAL POHER, rJATTS / M E T R I C  TON I U t PU J 
CHARGE DISCHARGE 30. 0 90. 0 150. U 1096. 0 10958. 0 

K H  85 0.0 4.12E 00 4.10E 00 4.06E 00 4001E 00 3.40E 00 5.97E-01 
RB 86 0.0 1.68E 00 5.50E-01 5.93t-02 6.38E-03 3.61E-18 0.0 
SR 89 0.0 9038E 02 6.23E 02 2.83E 02 1.27E 0 2  4.24E-04 0.0 
SR 90 0.0 1.63E 01 1.62E 01 1.62E 01 1.61E 01  1.51E 01 7077E 00 
' r  90 0.0 7e23E 01 7.13E 01 7.10E 01 7 0 0 7 t  01 6063E 01 3041E 0 1  

Y 9 1  0.0 1.36E 03 9056E 02 4.72E 02 2 0 3 2 t  02 3.35E-03 0.0 
ZR 95 0.0 3.38E 03 2.46E 03 1.30€ 03 6083E 02 2.86E-Ci 0.0 
NB 95H 0.0 1.8OE 0 1  1039E 0 1  7.32E 00 3086E 00 lo61E-04 2.3TE-16 
NB 95 0.0 2.95t 03  2081E 03 1.94E 03  1.16E 0 3  5.65E-G2 0.0 
MO 99 0.0 3.3RE 03  1.97E 00 boO8E-07 2.26L-13 0.0 0 00 
T C  99M 0.0 5055E 02 3o55E-01 1.20E-07 4.08E-14 0.0 0.0 
RU103 0.0 2.34E 03  1.38E 03 4083E 02 1063E 02 1.09t-G5 0.0 
RH103M 0.0 1.70f 02 1.00E 02 3.51E 01 l o 2 3 E  01 7.91E-07 0.0 
RUlOS 0.0 1 0 4 9 E  0 1  1.41E 01 1 0 2 6 E  01 l * l i l E  01 1.88E 00 1.53E-08 
RHlO6 0.0 2.43E 03 2029E 03 2.05t 03  1.83t 03 3.C6t 02 2.49f-06 
AG110H 0.0 1.32E 00 1022E 00 1.03E 00 8.75E-01 b055E-02 1.2l.E-13 
A G l l l  0.0 8.41f 01 5.26E 00 2.05E-02 8.02k-05 0.0 0 00 
CD115M 0.0 6075E-01 4.16E-01 1.58E-01 boO2E-02 1.43E-08 0.0 
SN123M 0.0 4.28E-01 3.62E-01 2.6OE-01 1 0 8 6 k - 0 1  9.81€-04 0.0 
SBl24 0.0 5.73F-01 4.05E-01 2.03E-01 1.01k-01 1.83E-06 0.0 
SN125 0.0 6088E 01 7053E 00 9.03E-02 1.08E-03 0.0 0.0 
SB125 0.0 1.19E 01 1.19E 01 1.15E 0 1  l o l O E  01 5.b6f 00 5.52E-03 
TE125H 0.0 1 0 0 1 E  00 1.07E 00 1012E 00 1012E 00 6001E-01 5od3E-04 
SBl26 0.0 2.47E 01 4.69E 00 1.71E-01 8.45E-03 2.41E-CS 2.416-03 
S8127 0.0 3 0 2 0 E  02 1.53E 00 3.366-05 7.396-10 0.0 0.0 
TE127M 0.0 5.76E 00 4098E 00 3.+OE 00 2.326 00 5.67E-03 0.0 
Tk127 0.0 9.09E 01 1.50E 01 9094E 00 6079E OG 1.66E-02 1.45E-09 
TE129H 0.0 1.37E 02 7049E 0 1  202OE 01  6.48E 00 2073E-06 0.0 
TE129 0.0 6025E 02 8079E 0 1  2.59E 01 7.61E 00 3.21E-08 0.0 

I 1 3 1  0.0 1.72E 03 1.33E 02 7.61E-01 4.34E-C3 0.L 0.0 
I(E131M 0.0 3087E 00 1.35E 00 5.27E-02 1ob3E-03 0.6 0.0 
TE132 0.0 8002E 02 1.34E 00 3.81E-00 1.38E-11 0.0 0.0 

1132  0.0 9053E 03 1.62€ 01 4.61f-05 1.3lE-10 0.0 0 .O 
XE133 0.0 8004E 02 1.86E 01 6.95E-03 2060E-06 0.0 0 00 
CS134 0.0 2.94E 01 2.86E 0 1  2.71E 01 2.53E 01 1.07E 01 1.18E-03 
CS136 0.0 3.08E 02 6.22E 01 2054E 00 1 o O Q E - 0 1  0.0 0 00 
CS137 0.0 4.23F 01 4.22E 01 4 0 2 0 E  01  4.19€ G l  3094E 01 2011E 0 1  
BA137H 0.0 9.58E 01 9 0 5 6 E  01 9 0 5 3 E  0 1  9049E 01 8.94E C 1  4.79€ 01 
BA140 0.0 2022E 03  4037E 52 1.69E G 1  6.57E-01 0.0 0.0 
LA140 0.0 l o l l €  04 2.47E 03 9 0 5 9 t  01 3072E OC 3.72E-18 0.0 
LE141 0.0 1.31E 03  6096E 02 1093E 02 5034E 0 1  8067k-08  0.0 
PR143 0.0 1.36E 03 3031E 02 1.59E 0 1  7064E-01 0.0 0 00 
CE144 0.0 2 0 8 3 t  02 2.69E 02 2032E 0 2  2001E 02 1 0 9 9 k  01 7oOZE-10 
PK l44  0.0 2.52E 03  2028E 03 1 0 9 7 f  03  1.70E 03 1.69E 02 5.96E-09 
NO147 0.0 9038E 02 1.44E 02 3.40E 00 8.036-02 0.0 0.0 
PHl47 0.0 5058F 01 5.63E 01 5042E 01 5.1YE 01 2062E C 1  2.07E-02 
P M 1 4 8 M  0.0 1005E 02 6.37k 01 2.37E 01 8080E 00 1046E-06 0.0 



346 

A I  REFERENCE O X I D E  LMFBR RADIAL t3LANKET 
PCJulER= 8.35 MW/IJTv BURNUP= i3100. MrJD/MTp FLUX= 1.35f 1 5  N/CM*+2-SEC 

NUCLIDE THERMAL POWEHv M A T T S  / M E T R I C  TOlU ( U + PU 1 
,CHARGE DISCHARGE 30. 0 90. D 150. D 1096. 0 10958. D 

P M 1 0 8  G . 0  7 r 4 6 E  01 4.77E 00 1.23E 00 4.55E-01 7.55E-CB 0.0 
SM151 0.0 2.53E 00 2.54E 00 2.536 OC 2.53E 00 2.48E 00 2.00E 00 
EUl54 0.0 1e27E 00 1.26E 00 1.25E 00 1.Z5f 00 1.11E 00 3.45E-01 
EU155 0.0 1.09E 0 1  1.06E 0 1  9.91E 00 9.31f GO 3.45E 00 l . lZE-04 
EU155 0.0 2.05E 02 5 . 2 5 t  01 3.28E 00 2.05E-01 2.12E-20 0.0 
Tt3160 0.0 4.57E 00 3.43E 00 1.93E 00 l .08E.  00 1.21E-04 0.0 
TB161 0.0 4.34E 00 2.13E-01 5.14E-04 1.24t-00 0.0 0 .O 
GO162 0.0 1 . 9 7 ~  00 1 . 8 6 ~  00 i . 6 6 t  00 i . 4 a t  00 2 . 4 6 ~ - 0 i  i . 8 3 ~ - 0 9  
T8152H 0.0 3 . 8 a ~  00 3 . 6 7 ~  03 3 . 2 7 ~  00 2.32~ ou + . ~ ~ E - o I  3 . 6 1 ~ - 0 9  
SUi3T3T 0.0 5.26E 0 4  1082E 04 9.54E 03 6.56E 03 7.62E 02 1.14E 02 

TOTALS 0.0 6.66E 0 5  1.82E 04 9.546 03 6.56E 03 7.62E 02 1.14E 02  
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A I  REFERENCE O X I D E  LMFBR RADIAL BLANKET 
POWER= 8.35 M W / M T q  BURNUP= 8130. NLJD/MTv FLUX= 1035E 1 5  M/CM**2-SEC 

NUCLIDE G A M M A  POHER* h A T T S  / M E T R I C  JON ( U + PU 1 
CHARGE DiSCHARGE 30. 0 90. 0 1'50. D 1096. 0 109580 D 

Y 91 0.0 
ZR 95 0.0 
N8 95Pl 0.0 
"18 95 0.0 
YO 99 0.0 
RU103 0.0 
RHlO6 0.0 
AG113M 0.0 
SB124 0.0 
SN125 0.0 
SB125 0.0 
58126 0.0 
50127 0.0 
TE127 0.0 
l E l 2 3 M  0.0 
TE129 0.0 

1131 0.0 
TE132 0.0 

I 1 3 2  0.0 
CS134 0.0 
CS136 0.0 
BA137M 0.0 
a ~ i 4 0  0.0 
LA143 0.0 
CE144 0.0 
PR144 0 . 0  
ND147 0.0 
PM148M 0.0 
PM148 0.0 
Et1154 0.0 
EU155 0.0 
TI3160 0.0 
SUBT3T 0.0 

TOTALS 0.0 

8.15E 00 5074E 00 L.83E 00 1.39E OC 2.01E-05 0.0 
2 0 7 8 E  03 2 0 0 t E  03 1.06E 0 3  5.61E 02 2.35E-02 0.0 
1 . 8 0 ~  01 1 . 3 9 ~  o i  7 . 3 2 ~  00 3 . a 6 ~  00 1 . 6 1 ~ - 0 4  2.356-16 
2.79E 03 2065E 03 1.83E 03 l o l O E  03 5034E-02 0.0 
9081E 02 5072E-01 1.94.E-07 6.57E-14 0.0 0.0 
2006E 03 1022E 03 4.25E 02 l.49E 02 9.58E-06 0.0 
2.91E 02 2.75E 02 2046E 02 2.19E 02 3068E 01 2.99E-07 
1.27E 00 1 0 1 7 f  00 9.90E-01 8oQGE-01 6029E-02 1.16E-13 
4.70€-01 3.32E-01 1.66E-01 9.30E-02 1.50E-06 0.0 
6*26E 00 6.85E-01 8 0 2 l E - 0 3  9.94E-05 0.0 0.0 
6 .52E 00 6.56E 00 6.31E 00 6.05E 00 3 0 1 1 E  00 3.03E-03 
1.43E 01 2.72E 00 9.89t-02 4.33E-03 i.4OE-03 1.40E-03 
1 0 6 2 E  02 7.76E-01 1.70E-05 3.74E-10 0.0 0.0 
1.36E 00 2.24E-01 1.49E-01 1002E-01 2049E-04 2017E-11 
1.65E 01 8.98E 00 2 0 6 4 E  00 7.78E-01 3.28E-C9 0.0 
9038E 0 1  1.32E 01 3088E 00 1014E 00 4081E-09 0.0 
9.85E 02 7.65E 01 4.37E-01 2.49k-03 0.0 0 00 
3005E 02 5.08E-01 1045E-06 4.12E-12 0.0 0.0 
7044E 0 3  to26E 0 1  3.596-05 1.02E-10 0.0 0.0 
2.62€ 0 1  2.55E 01 2.41E 0 1  Z o Z t r E  Ul 9049E 00 1005E-03 
2.90E 02 5.85E 01 2.39E 00 9.73E-02 0.0 0 .O 
9.58E 01 3.56E 01 9053E 0 1  90li9E 01 8.94E 01 4079E 01 
1.04E C3 2.05E 02 7.96E 00 3.09E-01 0 . 0  0.0 
8.57E 03 1.90E 03 7039E 01 2.37E 00 2.866-18 0.0 
7.82E 0 1  7.26E 01 6 0 2 7 f  01 S . 4 2 k  0 1  5038E 00 1090E-10 
5 0 0 6 E  01  5047E 01 4073E 01 4.36E 01 +.06E 00 1043E-10 
4.03E 0 1  6.20E 00 1.46E-01 3.45€-03 0.0 0 00 
3.526 01 5.80E 01 2.15E 0 1  8.00E 00 1.33E-06 0.0 
3043E 01 2.19E 00 5.64E-01 2.09E-01 3.47E-C8 0.0 
1.06E 00 Lo06E 00 1 o O S E  00 1.35E 00 9.35E-01 2090E-01 
1 0 5 6 E  02 3099E 01 2.49E 00 1.5bE-01 1.61E-20 0.0 
3.75E 00 Zo81E 00 1.58E 00 8r87E-01 9.95E-05 0.0 
2.84E 0 4  8083E 03 3034E 03 2.27E 03 1049E 02 4.82E 01 

2.26E 05 8.83E 03 3094E 03 2.27E 03 1.49E 02 4.82E 01  
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A I  REFERENCE O X I O E  LHFBK R A D I A L  B L A N K E T  
POhfK= 8.35 M w / M T I  BURNUP= 8130. ktbiD/P(T~ FLUX= 1.35E 1 5  N / C M * * 2 - S E C  

ELEMENT THERMAL P O W E R t  WATTS / M E T K I C  TUN FUEL CHARGED T O  REACTOR 
CHARGE D I S C H A R G E  30. iJ 90. D 150. 0 1096. D 10958. 0 

H 
ZN 
GA 
GE 
4 s  
S E  
BR 
KR 
X B  
S R  

Y 
Z R  
NB 
WO 
TC 
RlJ 
2H 
P D  
4 6  
tD 
I N  
$N 
SB 
T E  

I 
K E  
t S  
BA 
L A  
C E  
P R  
YD 
PM 
S M  
E U  
si) 
D Y  
r10 

r B  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
o * o  
0.0 
0.0 
0.0 
0.0 
0.0 
00.0 
0.0 
G o  0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.c 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

T O T A L S  0.0 

6.38€-03 6035E-03 6.29E-03 6.24E-Ci3 5.39E-03 1.18E-03 
1.26E-01 2.74€-06 1.31E-15 0.0 0.0 0.0 
5.58€ 00 5.54E-C5 20b4E-14 0.3 0.0 0.0' 
4094L 00 7.18E-20 0.0 0.0 0.0 0.0 
d 0 5 4 f  0 1  3.90E-07 5.60E-18 0.0 0.0 0.0 
1.73E 03' 1.37E-C5 1.37E-05 1.37E-05 1.37E-05 1037E-05 
1.80E 04 1048E-06 d.02E-19 0.0 0.0 0.0 
2o14E 0 4  4.10E 00 4.0bE 00 4.01E 00 3.40E 00 5.97E-01 
5.46E 04 5.5GE-01 5.93t-02 6.3tlE-03 2.4lE-09 2e41E-09 
3.42E 04 6.45E ' I2  2.99E 02 1 0 4 3 E  0 2  1.51E 01 7077E 00 
5.28E 0 4  1.03E 03 5043E 02 3.03E 02 6063E 01 3041E 0 1  
8.56E 03 2046E 03 1 .3OE 03 6.83E 02 2.86E-02 4061E-05 
4.2YE 04 2082E 03 1.35E 03  1.17t 63 5.67E-02 5.49E-05 
2.91E 0 4  1.97E 00 5.68k-07 L.26E-13 0.0 0.L 
4.24Er 04 3.58t-01 2.52E-03 2.52E-03 2.52E-03 2052E-03 
8 .96 t  03 1.40E 03 4.96E 02 1.dOE 02 1.88E 00 1053E-08 
9 .40 t  0 3  2.39E 0 3  2.08E 03 1084E 03 3.06E 02 2.49E-06 
8.62E 02 5.06E-10 0.0 0.0 0.0 0.0 
b.62E 02 6.54E 00 A o l l E  00 9.26E-01 6.94E-02 1.28E-13 
1.22E 02 4.26E-01 1.67E-01 6.84E-02 7.26E-C3 1.91E-03 
3.36C 02 6058E-04 6034E-05 3.63E-05 7.31E-11 0.0 
6 .82E 03 7*9?E 00 3.60E-01 L.97E-Gl 7o69E-03 5009E-03 
4.13€ 04 1 0 8 6 t  01 1.18E 0 1  l o l l €  0 1  5.66E 00 8.05E-03 
3.17F 04 1.85E 02 b.24E 01  2.43E 01 6 . ~ 3 E - 0 1  5.85E-C4 
6.48t 0 4  1.50E 02 7.61E-01 4.34E-03 4.956-06 4.95E-06 
3.61E 0 4  1.99E 01 5o56E-02 1.63E-03 0.0 0 00 
5.95t 04 1.33E 02 7.16E 01 6.76E 0 1  SoOlE 0 1  2.11E 0 1  
?.12E 04 5.32F 32 1.12E 02 9.5SE 01 8.94E 01 4079E 0 1  
4.03E 04 2.47E 03 9.59E 0 1  3.72E 00 3.72E-18 0.0 
1.41E 0 4  9.65t 12 4 0 2 5 E  02 2.54E 02 1 0 9 9 k  01 7oOLE-10 
l . 8 l E  0 4  2.61E 03 1.99E 0 3  1.73E 03 1.69E 02 5.96E-09 
2.75E 03 1.44E 32 3.40E 00 8.03E-Of  0.0 0.0 
2.31E 0 3  1.25& 02 7.91E 01  6.11E 01  2062E 01 2.07€.-02 
3.015 02 2.546 00 2.53E 00 2 . 5 3 E  00 2 0 4 8 E  00 2 e O O E  00 
6.66E 02 6.43€ CIA 1 o 4 5 t  01 1.08E 01 4059E 00 3051E-01 
5.31E 0 1  1.86E 00 1.66E 00 l o 4 8 E  00 2.46E-01 1083E-09 
1.42k 0 1  7.31E 00 5.20E 00 4.OUE 00 4.85fi-01 3.51E-09 
3.16E-01 8.45E-05 C e l l € - 1 0  2.30E115 0.0 0 00 
2.16E-01 6.51E-04 3. 17E-09 1.54E-14 0.0 0.0 

6.66k 0 5  1.82E 04 9.54E 03 6 . 5 5 E  0 3  7.62E 02 l 0 1 4 E  0 2  
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A I  REFERENCE 08 I DE LHFBK-CORE PLUS AX1 AL BLANKET 
POWER= 95.41 MW/HTe BURNUP= 51519. HIrD/MT* FLUX= 3.62E 1 5  N/CH**Z-SEC 

NUCLIDE CONCENTRATIONS, GRAMS / METKXC TON t J + PU h 

TE125 5049E 00 6.11E 00 7.36E 00 8.58E 00 2 0 2 6 E  01 3075E 01 
SN126 9.87E 01 9.87F 01 9.87k 01 9087E 01 9067E 01 9086E 01 
rE127M 1.23E 01 1.06E 01 7.23E 00 4.93E 00 1020t-02 9.0 

I N I T I A L  30. 0 90. 0 150. 0 1096. D 10958. 0 

I 1 2 7  1.82E 02 1.86E 02 1.89E 02 1.91E 02 1.9bE 02 1.96k 02 
TE128 2.60E 02 2.60E 02 2060E 02 2060E 02 2060E 02 2060E 02 
KE128 6.19E 00 6 . 1 9 i  00 6.19E 00 6.19E 00 Co19E 00 6.19E 00 
TE129H 1.77E 01 9.67E 00 2.85E 00 8037E-01 3.53E-09 0.0 

1129 5.11E 02 5.19E 0 2  5 0 2 6 f  02 5.2CIE 02 5 0 2 8 E  02 5.28E 02 
TE130 5.70E 02 5.70E 0 2  5.70E 02 5.70E 02 5070k 02 5m70E 02 
XE130 1.63E 0 1  1.64E 01 1064E 01 1.64E 01 1.64E 01 1064E 01 
4E131 1.05E 03 1.07E 03 1.07E 03 1 0 0 7 E  03 1007E 03 1 0 0 7 E  03 
XE132 1.52E 03 1.53E.03 1.53E 03 1.53E 03 1.53E 03 1.53E 03 
tS133 1e92E 03 1.96E 03 1.96E 03 1 0 9 6 E  03 1m96E 0 3  1 0 9 6 E  03 
.(E134 2.15E 03 2.15E 0 3  2.15E 03 2015E 0 3  2.15E 03 2015E 03 
CSi34 3.83E 01 3.736 01 3053E 01 3033E 01  1039E 01 1.54E-03 
BA134 6.59E 00 7.64E O C  9.656 00 1.16E 01 3010E 01  4049E 01 
CS135 2.09E 03 2.09E 03 2.G9E 03 2.09E 0 3  2.39E 03 2009E 03 
YE136 1 .91E 03 1 . 9 1 E  03 1.91E 03 1 0 9 1 E  03  1091E 03 1091E 03 
BA136 5.85E 0 1  6o lOE 01 6.16E 01 6017E 01 to17E 01 6017E 01 
CS137 1.97E 03 1.96E 03  1.96E 03 1095E 0 3  1 o 8 4 t  03 9.84E 02 
EA137 3.36E 0 1  3.73E 01 4.47E 01 5.21E 01 i.65E 02 1.OZt 03 
BA13d 1.90E 03 1.90E 03 1.90E 03 1.90E 03 1.90E 03 1090E 03 
LA139 1.78E 03 1.78E 03 1.78E 03 1.78E 0 3  1.7BE 03 1 0 7 8 E  03 
BA140 5.68E 01 1012E 01 4-34E-01 1.69E-02 0.0 0.0 
LE140  1.91E 03 1.96E 03 1.97E 03 l o 9 8 f  03 1.96E 03 1 0 9 8 E  03 
C E l 4 l  1.53E 02 8.12E 0 1  2.25E 01 6.23E 00 1.01E-08 0.0 
PK141 1.61E 03  1.68E 03  1.74E 03 1.75E 03 1.76E 03 1.76t 03 
LE142 1..56E 03 1.56E 03 1.56E 03 1.56f. 03 1.5.jE 0 3  3.56E 03 
NO142 7.89E 00 7.93E OC 7093E 00 7093E 00 7093E 00 7 0 9 3 f  00 
PR143 6.22E 01 1.52E 01 7.28E-01 3.50E-02 5.71E-23 0.0 
YO143 1.55E 03 1.60E 03 1.62E 03 1.62E 03  1062E 0 3  1.62E 03 
CE144 6.74E 02 6.26E 02 5o41E 02 4o67E 02 4.64E 01 1064E-09 
NO144 6.38E 02 6086E 02 7.71E 02 8.45E 02 1.27E 03 1.31E 03 
YO145 1 . O l E  03 1 m 0 1 E  03 1.01E 03 1 o O l E  03 1.01E 03 A o O l E  03 
ND146 9.38E 02 9.38E 02 9o38E 02 9.38E 02 9038E 0 2  9038E 02 
PM147 5.69E 02 5.76E 02 5055E 02 5031E 02 2.68E 02 2011E-01 
SM147 1.13E 02 1.25E 02 1.50E 02 1.74E 02 4 0 3 7 t  02 7004E 02 
ND148 5 .83E 02 5093E 02 5083E 02 5.83E 02 5083E 02 5.83E 02 
S M 1 4 8  5 . 3 2 E  01 5.60E 01 5.81E 01 5.8YE 01 5:94f 01 5094E 01 
SH149 4.29E 02 4.32t 02 4.32E 02 4.32E 02 4.32E 02 4.32E 02 
10150 3.44E 02 3m44E 02 3044E 02 3044E 02 304bE 02 3044E C2 
SM150 3.41E 0 1  3.41E 01 3.41E 01 3 .4 lE  01 3041E 01 3041E 01 
SM151 2.60E 02 2.61E 02 2.61E 02 2.bOE 02 2.55E 02 2.06E 02 
SM152 2.36E 02 2.36E 02 2o36E 02 2036E 02 2.35E 02 2.36E 02 
EU153 1.15E 02 1.15E 02 1o15E 02 1.15E 02 1.15E 02 1.15E 02 
SM154 9.48E 01 9.48E 01 9o48E 01 9048E 01 9048E 01 9048E 01 
EU154 1 .11E 01 l o l O E  01 1 o l O E  01 1.09E 01 9073E 00 3oGZE 00 
EU155 1 . 0 5 E  02 1 . 0 1 E  Q2-9.52E 01 8.skE a 3.32E 01 1.0_7_E-O_3 
SE 82 4.59E 00 4.59E 00 4059L 00 4 0 5 9 t  00 4059E 00 4059E 00 
KR 83 1.03E 02 1oO3E 02 1.03E 02 1 0 0 3 E  02 1 0 0 3 t  02 l o 0 3 E  02 
KR 84 1a79Ec02  1.79E 02 1.79E 02 1 * 7 9 f  02 1 0 7 9 f  02 A079E 02 
< R  85 4.09E 01 4.07E 01 4.03E 01 3099E 01 3.37E 01 5.93E 00 
A6 85 6.67E 0 1  6.70E 01 6.74E Oi 6.78E 01 7!33E 01 1.02E 02 



A I  REFERENCE O X I D E  LMFBR-CORE PLUS AXIAL BLANKIiT 
POIJEK= 95.41 MkJ/MT 9 BURNUP= 515190 MdO/HT(  FLU);= 3.62E 1 5  N/CH**2-SEC 

NUCLIDE CONCENTHATiONSt GRAMS / M k J R f C  TON 4 J + PU ) 
I N I T I A L  30. 0 90. D 1500 0 1036. 0 10958. D 

KR 86 1.62E 02 1.62E 02 1.62E 02 1.62E 02 1.526 02 i.62E 02 
R t l  d7 2.00E 02 20OOE 02 2.00E 02 2.00E 02 Z o O S t  02 LoOOE 02 
s n  88 3 . 0 8 ~  02 3 . 0 8 ~  02 3 . 0 8 ~  02 3 . 0 8 ~  02 3 . ~ 6 ~  02 3 . 0 8 ~  02 

Y a9 3 . 1 9 ~  02 3.36t 02 3 . 5 6 ~  02 3 . 6 4 ~  02  3 . 7 1 ~  02 3 . 7 1 ~  GZ 
SR 83 5.19E 01 3.48P 01  1.56E 01 7.03E 00 2.3bE-05 0.0 

S K  90 k . 7 1 E  02 4071E 02 4.69E 02 4o67E 02 4038E 02 Le25E 02 
ZH 90 8.86E 00 9e82E 00 1o17E 01 1.36E 01 4o25E 01  L055E 02 

Y 91 8.26E 01 5 . 8 2 6  01 2.87E 01 1.4 lE 01 2.04E-04 0.0 
L K  91 4.41E 02 4o65E 02 4095E 02 5o10E 02 5.24E 02 5o24E 02 
Z K  92 6.87E 02 6.88E 02 6.88E 02 6088E 02 6088E 02 6088E 02 
ZR 93 8.56E 02 8.57E 02 8.576 02 8057E 02 8.57E 02 8.57E 02 
Z R  94 Q.76E 02 9.76E 02 9o76E 02 9.76E 02 907SE 02 9.76E 02 
LR 95 2.16E 0 2  1.57E 02  8.266 01 4035E 01 1o82E-03 0.0 
ND 95 1.15E 02 1o07E 0 2  7034E 01 4 0 3 8 E  01 2.12E-03 0.0 
HO 95 8.95E 02 9.62E 02 1.07E 03 1.14E 0 3  1 . 2 3 E  0 3  1.23E 03 
Z R  96 1.14E 03 l o l 4 E  03 1.14E 03 1.14E 0 3  1o14E 0 3  1.14E 03 
H10 96 2.15E 0 1  2.16E 01 2o16E 01 2 0 1 6 E  01  Z.16E 01 2.166 0 1  
YO 97 1.55E 03 1.55E 03 1.55E 03 1055E 0 3  1.55E 0 3  1o55E 03 
YO 96 1.34E 03 1034E 03 1.34E 03 1034E 0 3  1o34k 03 1o34E 03 
1 C  99 1.34E 03 1.36E 03 1o36E 03 1.36E 0 3  1.36E 03 1 0 3 6 E  03 
MU100 1.58E 03 1.58E 03 1.58E 03 1.58E 03 1058E 03 1.58E 03 
RU100 3.37E 01 3.37E 01 3037E 01 3037E 0 1  3037E 01 3037E 01 
RUlOl  1.29E 03 1.29E 0 3  1o29E 03 1.29E 03 1o29E 03 1029E 03 
RUlO2 1.46E 03 1.46E 03 1.46E 03 1.46E 03 l . 4 5 E  03 1.46Ii 03 
RUi03 1.45E 02 8.60E 01 3o01E 01 1.05E 01  6o78E-07 000 
R H i 0 3  1.21E 03 1.27E 0 3  1.33E 0 3  1.35E 03 1.36E 0 3  1.36E 03 
KUlO4 !.37E 03 1.37E 0 3  1.37f  03 l o 3 7 E  03 1037E 03 1o37E 03 
PO105 8.78E 02 8.82E 02 8 o 8 2 E  02 8.82E 02 8082E 02 8 o 8 2 E  02 
RUIO5 6.54E 02 6.18E 02 5o52E 02 4093E 02 6.25E 01 6.72E-07 
POLO6 4.31E 02 4o67E 0 2  5034E 02 5.93E 02 1 o O D t  G3 1 0 0 8 E  03 
PO107 7.93E 02 7.936 02  7093E 02 7093E 02 7.33E 02 7093E 02 
P O 1 0 8  5.08E 02 5.08E 0 2  5o08E 02 5008E 02 5.08E 02 5o08E 02 
A G 1 0 9  5.56E 02 5.97E 02 5.97E 02 5097E 02 5097E 02 5.97E 02 
P O l A O  4.25E 00 4.25E OC 40L5E 00 4025E 00 4.25€ 00 4.256 00 
t D l l 0  3.14E 0 1  3.15E 01 3016E 01 3017E 01  3020E 0 1  3 0 2 1 E  01 
t o l l 1  9.83E 01 1.OOE 02  1.00E 02 1.OOE 02 1o00f 02 1 0 0 0 E  02 
CD112  6 .14E 01 6.16E 01 6.16E 01 6016E 01 6016E 01 6.16E 01 
C0113 5 - 2 5 E  00 5.25E 00 5.25E 00 5 0 2 5 E  00 5.25E 00 5.25E 00 
id114 6.02E 00 6.03E 00 6o02€ 00 6oOZE 00 6oOZE 06 6.02E 00 
SN117 6.24E 00 6.24E 00 6.24E 00 6.24E 00 6 o 2 4 E  00 6.24E 00 
St):21 ?.97E 01 1.98E 01 1 e 9 6 E  01 1.98E 01 1099E 0 1  2 0 0 4 E  01 
Si3125 3.06E 01 3o07E 01 2.95E 01 2 0 8 3 E  01 l.46E 01  1.42E-02 
J D 1 5 5  3.03E 01 3.35E 01 3.97E 01 4.55E 01 1032E 0 2  1035E 02 
GO156 7.56E 01 7.83E 01 7o91E 01 7.92E 01 7o9ZE 01 7o92E 01 
G01S7 4.496 01 4.50E 0 1  4o50E 01 4 0 5 0 E  01 4.50E 01 4.50E 01 
50158 1.25E 02 lm25E 0 2  1.25E 02 1.25E 02 i o 2 5 E  02 1.25E 02 
T8159 6.18E 01 6 . 1 9 i  0 1  6.19E 01 6o19E 0 1  6o19E 0 1  S 0 1 9 E  01 
$0160 5 . C 8 E  00 5.06E O C  5.08E 00 5.OBE 00 5.08E 00 5.08E 00 

D Y 1 6 1  1.25E 01 1.27E 01 1027E 01 1.27E 0 1  1.27t 01 I.27E 01 
DY160 4.17E 00 4.65E 00 5.28E 00 5.63E 00 6.08E 00 60G8E 00 

SUBTUT 5.44E 04 5045E 0 4  5045E 0 4  5045E 0 4  5045E 04 5045E 04 

TOT4LS 5.46E 04 5.46E 0 4  5.46E 04 5.46E 04 504SE 04.5.46E 04 
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A I  REFERENCE O X I D E  LMFBR-CORE PLUS AXIAL bLANKE1 

ELEMENT CONCENTRATIONS, GRAMS / M E T R I C  TON FUEL CHARGED TU REACTOR 

H 
ZN 
;A 
;E 
4 s  
SE 
BR 
r(R 
3 6  
5 R 

Y 
Z R  
N 8  
MO 
T C  
RU 
RH 
PO 
4G 
:il 
I N  
SN 
Si3 
TE 

I 
K f  
t S  
0A 
LA 
CE 
P R  
no 
P H  
S M  
EU 
SD 
T B  
3Y 
d 0  
E R  

I N I T I A L  30. D 90. 0 150. 0 1335. 0 10958. D 
1.55E-01 1.54F-01 1.53E-OA 1.51E-01 i 0 3 i E - 0 1  2.&5€-C2 
8.94E-04 1.95E-08 9.29E-18 0.0 0.0 0.0 
2 74E-04 8.49E-09 4.04E-18 0.0 0.0 0.0 
2.32E-01 2 34E-01 2 - 3 4  E-01 2.34k-Ol 2.3iE-0 1 2 34E-01 
1.96E-02 1.91E-02 1.91E-02 1.91E-02 1.9AE-02 1.9l.E-02 
7.02E 00 7.02E 00 7.02E 00 7.02E 00 7.02E 00 7.02E CO 
2.42E 00 2.38E 00 2.38E 00 2.38k 00 2.3dt 00 L038E 00 
4.85E 02 4.85E 02 4084E 02 4084E 02 4.7dE 02 4.50E 02 
2.67E 02 2.67E 02 2.68E 02 2.68E 02 2.74E 02 3eC2E C2 
8.32E 02 8.14E 02 7 0 9 3 t  02 7082E 02 70'tbE 0 2  5033k 02 
4.03E 02 3.95k 02 3.84E 02 3.78E 02 3 0 7 i E  02 3.71E 02 
4.33E 03 4.29E 03 4.25E 03 4.23E 03 4.23€ 0 3  4044E 03 
1.15E 02 1.07E 02 7035E 01 4.39E 01  3.60t-03 1022E-02 
5.39E 03 5.45E 03 5.56E 03 5.63E 03 5.71E 03 5071E 03 
1 * 3 5 E  03 1.36E 03  1.36E 03 1 .36E 03 1.3SE 0 3  Ao36E 03 
4.96E 03 4.86F 03 4074E 03 4.66E 03  4.24E 03 4.16E 03 
1.21E 03 1.27E 0 3  1.33E 03 1.35f 03  1 . 3 3 t  03 1.36E 03 
2.61E 0 3  2.65E 03 2.72€ 03 2.78E 03 3019E 03 3027E 03 
5.99E 02 5.9Bt 02 5.98E 02 5097E 02 5.97E 02 5097E 02 
2.05E 02 2.07E 02 2.07E OS 2.07E 02 2.07E 02 2.07E 02 
2.78E 00 2081E 00 2.83E 00 2.84E 00 2.95E 00 3056E 00 
1.19E 0 2  1.18E 02 1.18E 02 1 .18E 02 l o 1 B E  02 1.17E 02 
5.46E 01 5.23E 01 5.11E 01 4.93t 01 3.636 01 2.23E 01 
8.83E 02 8.60E 02  8.51E 02 8.48E 02 8 * 5 3 €  02 8.70E 02 
7.20E 02 7.06E 02 7.15E 02 7.19E 0 2  7.25E 0 2  7025E 02 
6.68E 03 6.69E 03  6.69E 03 6 .69 t  03 6 e 6 9 E  03 6.69E 03 
6.03E 03 6.05E 03 6.0.iE 03 6.03E 03 5093E 03 5.04E 03 
2.06E 03 2002E G3 2002E 03 2.03E 03 2.16E 03 3.03E 03 
1.79E 03 1.78E 03 1.78E 03 1.78E 03  1.7dE 03 1.78E 03 
4.30E 03 4.23E 03 4.09E 03 4.01E 03 3.58t 03 3.53E 03 
1.67E 03 1.69E 0 3  1.74E 03 1.75f 03 1.76E 03 1.76E 03 
5.09E 03 5.17E 0 3  5.27E 03 5.34E 03 5.76t 03  5081E C 3  
5.79E 02 5 .79 t  02 5.56E 02 5.31f 02 2.68E 02 2 s i l E - G l  
1.22E 0 3  1.24E 0 3  1.27E 03 1.24f 03 1.55E 03  1.77k 03 
2.35E 0 2  2.30E 02 2.24E 02 2.18E 02 1.66E 02 1.75E 02 
2.85E 02 2.91E 02 2.97E 02 3.03f 02 3.58E 02 3.98E C2 
6.39E 01 6.34E 01 6.27E 01 6.24E 01 6.19E 01 O 0 1 9 t  01 
2.29E 01 2.391: 01 2.49E 01 3055E 01 2.82k OA L086E G l  
3.66E-01 3.66E-01 3066E-01 3.66E-01 3066E-01 3.66€-01 
2.57E-01 2.59E-01 2.59E-Ok 2.59E-01 2.59t-01 2.59E-01 

TOTALS 5.46E 04 5.46E 04 5.46E 04 5.46E 04 5oG6E 0 4  5046E C4 



A I  REFERENCE OX I D E  LNFBK-CURE PLUS AXIAL BLANKET 
POHER= 95.41 MW/MTv BURNUP= 51519. MVJD/MTv FLUX= 3.62E 1 5  N/CM**Z-SEC 

N U C L I D E  R A D I O A C T I V I T Y ~  C U R I E S  / M E T R I C  T O h  L J + PU 1 
I N I T I A L  30. D 90.  D 150. D 1036. D 10958. D 

H 3 1.50E 03 1.49E 0 3  1.48E 03 1.47E 03 1.27E 03 2077E 02 
G A  72 8.37E 02 2.62E-02 1.25E-11 C.0 0.5 0.0 
S E  79  4.16E-02 4.16E-02 4.16E-02 4016E-02 4016E-02 4.16E-02 
K R  85 1.60E 04 1.59E 04 1.58E 04 1.56f 04 Ao32E 04 Zo32E 03 
Rl3 86 5.18E 03 1.70- 03 1.83€ 02 1.97E 01 l o 1 2 t - 1 4  0.0 
SR 89 1.46E 06 9.82f  05  4 0 4 1 E  05 1 o Y L I E  0 5  6.62E-01 0.0 
SR 90 6.67E 04 6.o5E 0 4  6.63f 04 6.60E 04 6.19c 0 4  3.18E 04 

Y 90 6.89E 04 6066E 0 4  6.43E 04 6060E 0 4  601YE 3 4  3.18E 04 
Y '91 2 e O 2 E  06 1.42E 06 7.00E 05 3.45E 0 5  4 0 9 8 t  00 0.0 

LR 93 2.20E 00 2.20€ 00 Z e Z O E  00 2.20E 00 202GE 06 Z02OE OC 
V B  93M 7.99E-02 8.87E-02 1.06E-01 1.24E-01 3.93E-01 1.74E GO 
Z R  95 4.56E 06 3.31E 0 6  1 0 7 5 E  06 9.ZAk 05 3085k 01 0.0 
NB 95M 9.11E 04 7.G3E 0 4  3.72E 04 1.96E 0 4  8.18E-01 1019E-12 
N B  95 4.51E 06 Go21E 06 2.88E 06 1.72E 06 8.32k 01 0.0 
MO 99 4.85E 06 2.83E 03 9o58E-04 3.25E-10 0.3 0.0 
T C  99M 4.22E 06 2.70E 03 9.15E-04 3.10E-10 0.3 0. G 
T C  99 2.29E 0 1  2.31E 0 1  2.31E 01 2.31E OA 2.31E 0 1  2.31f 01  
RU103 4.66E 06 2.76f 06  3.64E 05 3037E 0 5  2oA7E-02 0.0 
qH103M 4.66E 06 2.76E 06 9 0 6 5 E  05 3038E 05 2.17E-02 0.0 
i lH105 3.09E 06 2.835 00 2.38E-12 0.0 0.3 0.0 

RHi06  2 .20E 06 2.08E 06  1.85E 06 1.65E 06 2 0 7 7 i  05 2.26E-03 
RUL06 2.20E 06 2 .08E 0 6  1.85t  06 1.65E 0 6  2.77E 05 2026E-03 

A G 1 l O M  2.94E 03 2.71E 0 3  2030E 03 1.95E 0 3  1.4bE 02 2.69E-10 
A G l l O  2.05E 05 3053E 02 2099E 02 2.54E 02 1.33t 01 3.50E-11 
A G t l l  3.25E 05 2.03E 0 4  7.93E 0 1  3.10E-01 0.3 0.0 
CD113M 2.16E 02 2m15E 02 2.13E 02 2012E 02 1.86E 02 4.89E 01 
I N ? ? 4 M  3.74E 00 2.47E 00 1.07E 00 4.68E-01 9.43ti-07 0.0 
IN114 6.39E DO 2.382 00 1.04E 00 4051E-01 9oAUE-07 0.0 
C O l i S M  6.39E 02 3.94E 02 1.50E 02 5.69E Oi A.36E-05 0.0 
CDI15 8.85E 03 7 .91 f -01  6.25E-09 4093E-A7 0.0 0.0 
IN!15M' 8 . 8 5 E  03 9.64E-01 6.82E-09 5.39E-1'7 0.3 0.0 
SN:l7M 3.52E GO 7o97E-01 4oCiBE-02 2.09E-03 0.3 0.0 
SN113M 3.29E 01 3.03E 01  2.57E 01 2o17E 01 1.58E 00 20AOE-12 
SN121H 8.98E 01 5.97k 01 8.96E 01 8.946 O S  8073E 0 1  6 0 8 3 E  01 
SB122 2.73E 03 l o 6 2 E  00 5.75E-G7 2.0.4E-13 0.3 0.0 
SN123M 1.32E 03 1.12C 03 8.01E 02 5 0 7 5 k  '02 3 0 0 3 E  00 0 . G  
TEi23H 6.00E 00 5.03E GO 3052E 00 2.47E .OO 9009E-03 000 
S B 1 2 4  1 , 5 8 E  02 1012E 0 2  5.58E 01 2.79E 01 5 . 3 3 C - 0 4  0.0 
SN125 9.82E 04 1.OBE 04 1.29E 02 1.54E 00 0.3 0.0 
58125 3 .24E 04 3.26E 0 4  3.13E 04 3.00E 04 A o 5 4 E  04 1.50E 01 
TE125H 1.09E 04 l o l b E  0 4  1 .19E 04  1.ZOE 04 6.39t 0 3  6.23E 00 
S N ~ Z ~  2.80~1 00 2 .8o t  00 2 . 8 0 ~  00 2 . 8 0 ~  00 z.aot: 00 2.80~ 00 
SUl25M 3.76E 03 2.80t: 00 2.80E 00 2.80E 00 2083€ 00 2.80E 00 
58126 7.02E 03 1 .33 f  03 5.065 01 4.49E 00 2077E 00 2.77E 00 
SB127 5.43E C5 2.59E 0 3  5069E-02 1.25E-06 0.3 0.0 
TEL27M 1.1SE 05 9.986 04 6 0 8 2 E  04 4.66E 04 1.14E 02 0.0 
TE!27 5.38E.05 1.01'5 05 6.74E 04 4.60E 0 4  l . A 2 €  02 9.816-06 
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A I  REFEKENCE O A I D E  LMFBR-CORE PLUS AXIAL BLANKET 
POHER= 95.41 MW/MTp BURNUP= 51519. MrJD/MTp FLUA= 3062E 1 5  N/CM**Z-SEC 

NUCLIDE R A D I O A C T I V I T Y p  C U R I E S  / M E T R I C  TON L J + PU J 
I N I T I A L  30. D 90. 0 150. 0 1096. 0 10958. 0 

TE123M 5.28E 05 2.88E 05 8048E 04 2.49E 04 1.35E-04 0.0 
TE129 1.27E 06 1.85E 05 5.43E 04 1.60E 04 6.73E-05 0.0 

I 1 2 9  8.33E-02 8046E-02 8057E-02 8.60E-02 8052E-02 8062E-02 
TE131H 4.41E 05 2.66iZ-02 9045E-A7 0.0 0.3 0.0 

I 1 3 1  2.81E 06 2018E 05 1o24E 03 7.10E 00 0.3 0.0 
IE131H 2.92E 04 9.o77E 03 3.77E 02 1.16E 0 1  0.3 0.0 
TEA32 3.93E 06 6.56E 03 1.87E-02 5o32E-08 0.3 0.0 

I 1 3 2  3.95E 06 6.76E 03 1.93€-02 5.49E-08 0.0 0.0 
tE133M 1.28E 05 1 0 9 3 E  01 1.96E-07 2.00E-15 0.3 0.0 
KE133 5.13E 06 1.17E 05 4.38€ Oi 1 0 6 4 f - 0 2  0 0 3  0.0 
CS134 4.99E 04 4.855 0 4  4.596 04 4034E 04 1.81E 04 2m00E 00 
CS135 1.85E 00 1.85E 00 1 0 8 5 E  00 1.85E 00 1o85E 00 1.85E 00 
CS13h 2.34E C 5  4.72E 04 1.93E 03 7.85E 01 0.3 0.0 
CS137 1.71E 05 1.7I.E 05 1.70E 05 1.70E 05 1.60E 0 5  8056E 04 
BAl37M 1.60E 05 1.60E 0 5  1.59E 05 1059E 05  1.43k 05 d.OlE 04 
SA140 4.14E 06  8.16E 0 5  3.17E 04 1 0 2 3 E  03 0.0 0.0 
LA140 4.29E 06 9.396 05  3.64E 04 1.41E (33 1 * 4 1 € - 1 5  0.0 
CEi41 4.39E 06 2 a 3 2 f  06 6.43E 05 i 0 7 8 E  05  2.89E-04 0.0 
CE143 4.13E 06 1.13E 00 8.24E-14 0.0 0.3 300 
PK143 4.15E 06 l m O 1 E  06  4085E 04 2.33E 0 3  3.816-18 000 
Lk144 2.15E 06 2 o 0 0 E  06  1.73E 06 1.49E 06 1.4Bt 05 5m22E-06 
PK144 2.25E 06 2oOOE 0 6  1.73E 06 1.49E 0 6  1.68E 05 5022E-06 
VD147 1.85E 06 2 .85 f  05 6.72E 03 1.59E 02 0.3 000 
PM147 5.28E 05 5035E 05 5.15E 05 4093E 05 2.49E 05 1o96E 02 
PML48M 1o12E 05 6086E 0 4  2.55E 04 90466 03 1057E-03 0.0 
PM148 1.34E 05 8.16E 0 3  2o05E 03 7060E 02 1025E-04 0.0 
PMi49 1 .11E 06 9055E 01 6.55E-07 4050E-15 0.0 0.0 
SM151 7.09E 03 7.11E 03 7olOE 03 7.09E 03 6.94E 03  5060E 03 
EU152 1.64E 01 1.63E 01 1o62E 01 1.60f 0 1  1.38E 0 1  2 o 9 0 E  00 
SM153 3.06E 05 7.55E 00 4.52E-09 0.0 0.0 0.0 
(;DL53 9.18E-01 8.43E-01 7.09E-01 5.97E-01 3o98E-02 2.14E-14 
EU154 1m61E 03 1 0 6 0 E  03  1059E 03 1.58E 03 l o 4 l E  0 3  4o38E 02 
EU155 1.33E 0 5  1.29E 05 1.21E 05 1014E 0 5  4.23€ 0 4  1o37E 00 
EUl56 1.95E 05 4.98E 04 3.11E 03 1.94E 02 2.316-17 000 
T8160 2.16E 04 1 .62 t  04 9.10E 03 5 o l l E  03 5.736-01 0.0 
T8161 3.03E 04 1.49E 03  3059E 00 8.656-03 0 . 3  0.0 
GO162 7.73E 03 7.30E 03  6o51E 03 5o81E 03 9.65€ 02 7.19E-06 
lB162M 7.736 03 7.30F 03 6.51E 03 5o81E 03 9.65E 02 7.19E-06 
DY166 4a54E 02 9095E-01  4.84E-06 2.356-11 0.3 o m  0 
-10166 6.10E 02 1.49E 00 7o22E-06 3 .51E- l l  0.3 0.0 
SUBTOT 8.94E 07 3.16E 0 7  1.72E 07 1. i7E 07 A.54E 06 2.38E 05 

1OTALS 4.04E 08 3.16E 0 7  1o72E 07 1.17E 07 1064E O b  2038E 05 
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A i  REFERENCE OX I DE LEFBR-CGRE PLUS A X 1  AL BLANKtl 
POWER= 95.41 MW/HTw BURNUP= 51519. MrJD/HTr FLUX= 3062E 1 5  N/CM**Z-SEC 

NUCLIDE THERMAL POWEHI MATTS / M E T R I C  TON ( cl + I'U 1 
I N I T I A L  3 0 .  0 90. C 150. 0 1096. 0 lL958.  D 

H 3 5.34E-02 5 .3 lE-02  5.26E-02 5.21E-02 4051E-02 3.84E-03 
X H  85 2.57E 01 2.56t 01 2.53€ 01 2.50E 01  2012 f  01 3072E GO 
HB 86 2.44E 01 8.00E 00 8.61E-Oi 9.27E-02 5025E-17  0.0 

SR 90 8.70E 01 8.68E 0 1  8.64E 01 8.61E 01  8.08E 01 4.15€ 01 
S R  89 5.27E 03 3053E 03  1.59€ 03 7.14E 02 2.38E-03 0.0 

Y 90 3 .94E 02 3.81E 02 3079E 02 3.78E 0 2  3054E 02 1082E 02 
Y 9 1  7.68E 03 5.40E 03 2.66E 03 1.31E 03  1.83E-02 0.0 

Z R  95 2.39E 04 1.73E 04 9.14E 03 4.82E 03 2 * 0 2 € - 0 1  0.0 
rJ8 95M 1.27E 02 9.79€ 01 5.18E 01 2.72E 01 1.lOE-03 A.66E-15 
N 8  95 2.16E 04 2 . O Z E  04 1.38E O S  8.26E 03 3.996-01 0.0 

T C  99M 3.58E 03 2.295 OC 7.76E-07 2063E-13 0.3 0.0 
RU103 1.52E 04 9.00E 03 3.15E 03 l . l O E  03  7903E-05 0.0 
RHL03M l . l O E  03 6.54E C2 2.29E 02 S o O O E  01 5.15t-06 0.0 
RU106 1.30E 02 1.23E 0 2  l o l O E  02 9.81C 01 1064E 01  1.34E-07 
RHlOE 2.12E 04 Z m O O E  04 1.79E 04 1.60E 04 2.68E 03 2.18E-05 
A G l l O P l  4.75E 01 4937E 0 1  3.71E 01 3.15E 0 1  2.3bE 00 4.34E-12 
AG110 1.48E 03 2.56E 00 2.17E 00 1.84E 00 1.33E-01 2054E-13 
A G l l l  7.78E 02 4.86E 01 1.90E-01 7.42E-04 0.3 0.0 
t0113PI 2.86E-01 2.84t-01 2082E-01 2.80E-01 2.46t-01 6.47E-02 
CDl lSM 2.60E 00 1.60E 00 6olOE-01 2.32E-01 5*53E-08 0.0 
SNlZ lM 9.42E-02 9.4 LE-02 9.40E-02 9.38E-02 Y o l b E - O S  7. 16E-02 
SN123H 4.50E 00 3 0 8 1 f  00 2073E 00 Ao96E 00 1.03E-02 0 ; O  
58124 2.13E 00 1.51E 00 7.54E-01 3.77E-01 6.80E-06 000 
SN125 5.95E 02 6.51E 01 7.80E-01 9.35E-03 0.3 0.0 
58125 1.09f  02 1009E 02 1.05E 02 l o O 1 E  02 5018E 01 5.05E-02 
T E 1 2 5 M  9.36E 00 3.83E O @  1003E 01 1.03t  01 5o50E 00 5.36E-03 
58126 7.70E 01 1.46E 01 5.5+E-01 4.92E-02 3.04E-02 3.04E-02 
SB i27  2.98E 03 1.42E 0 1  3.13E-04 6.87E-09 0.3 0.0 
TE127H 6.41E 01 5.50E 01 3.76E 01 2057E 01 6026 t -02  3.0 
TE127 8.77E 02 1.65E 02 1.10t 02 7.50E 01 1oJ3E-01 1.60E-08 
TE129H 1 .05E 03 5.70E 02 1068E 02 4.94E 01 2.JBE-07 0.0 
TE129 4.61E 03 6.70Er 02 1.97E 02 5080E 0 1  2.44E-07 0.0 

I 1 3 1  1.15E 04 8 0 9 3 F  02 5.12E 00 2.92f-02 0.0 0.0 
XE131M 2.84E 01 9.50E 00 3.66E-01 1.13E-02 0 . 3  0.0 
TE132 5.36E 03 8.94E C O  2.55E-05 7.26E-11 0.3 0.0 

I 1 3 2  6.32E 04 1.08E 02 3.08E-04 8.78E-10 0.3 G e  0 
KE133M 1.77E 02 2.66C-02 2.71E-10 2.76E-18 0.3 0 . 0  
$E133 5.54E 03 1.26E 02 4.73E-02 1.77E-05 0 . 0  0.0 
CS134 5 . 2 3 E  02 5.09E 02 4.82E 02 4.56E 02 1.93E 02 2010E-02 
,5136 3o62E 03 7.30E C2 2.98E 01 1.22E 00 0.0 0.0 
tS137 2o77E 02 2.77E 02 2.76E 02 2.75€ 02 2.59f 02 1.39t 02 
3A137H 6.28E 0 2  6.27E 02 6.25E 02 6.23E 02 5086E 02 3.14E 02 
BA140 1.40E 04 2.75E C3 1.07E 02 4.14E 00 0.3 0.0 
LA140 7 * 1 3 E  04 1.56E 04 6.05E 02 2.35E 01 2.34t-17 0.0 
3F141 8.63E 03 4.57E 03 1.27E 03 3.51E 02 5.53E-07 0.0 
PK143 8.99E 03 2*19E 03 1.05E 02 5.06E 00 tioZ7E-21 0.0 

UO 99 2.18E 04 1.27E 01 4.30E-06 1.46E-12 003 0.0 



355 

A I  REFERENCE OX 1 DE LMFBR-CORE PLUS AX1 AL dLANKET 
POkEH= 95.41 t4bi/MTI BURNUP= 51519. MrJD/MTI FLUA= 3.626 1 5  N/CH**Z-SEC 

NUCLIDE THERMAL PUrlEK. l r jATTS / M E T R I C  TON ( il + P J  j 

CEi44 1.89E 03 1.76E 03 1.52E 03 1.31f 0 3  1.33E i)2 4.58E-09 
PRi44 1e67E 04  1.49E 04 1oZ9E 04 l o i l k  0 4  1.1DE 0 3  3.89E-08 
VOi47 5.16E 03 7.97E C.2 1.86E 01 4 .44E-Gl  0.3 G o 0  
PM147 2.72E 02 2 . 7 6 E  0 2  2.66E 02 2.54E 02 1.26E 02 1.01E-01 

I N I  T I  AL 30. G 90. 0 L50. D 1096. D 10958. 0 

PMi48M 1.43E 03 9.71E 0 2  3.23E 02 1.2i)f G2 i.99k-i)5 0.0 
PMi48 1 . 1 G E  03 6 . 6 8 i  01 1.67E 01 6.22E 00 L.336-06 0.0 
PMi43 Z.78E 03 2 . 3 8 € - 0 1  1.64E-09 1.12E-17 0.0 0.0 
SM?,51 1.2hE 01 1.24E 01 1.24E 0 1  1.24E 01 1.21E 01 9.76E CO 
EU152 2.00E-01 1.99E-dl 1.97E-01 i .96E-01 L.53E-01 3.54E-02 
E U i 5 ’ +  1.51E 01 1.50E 01 1.49E 01 i .48E 01 i.32E 01 4.11E 00 
EUL55 1.12E 02 1.G9E @2 1.02E 02 9.59E 01 3.55E 0 1  i.15E-03 
C u i 5 6  2 .06E 03 5.256 C 2  3 . 2 8 i  01 2.05E 00 2.1Et-A9 0.0 
T 8 i 6 0  1.82.E 02 1.36E 02 7.66E 01 4.30E 01 4.83E-03 8.0 
l a 1 6 1  4 . 9 4  01 2 . 4 3 ~  00 5.85~-03 i . + i ~ - 0 5  0.0 0.0 

TBi62i .1  5.18E 01 4.89E 01 4 . 3 6 t  01 3.89E 01 6.47E 00 4.81E-08 
SUblOr 3.60E 05 1.27E C 5  5.8cjE 04 4.80E 0 4  5.68E 0 3  6.94E 02 

~111 6 2  2.632 .o i  2 . 4 8 ~  01 2 . 2 2 ~  01 1 . 9 8 ~  01 3.286 00 Z . ~ S E - M  

T O T A L S  4.14E 06 1.27E (25 5.86E 04 4.80E 04 5.53k 03 O094E 02 



A I  REFERENCE O X I D E  LMFBR-CORE PLUS AXIAL dLANKEI’ 
POHER= 95.41 Hrl/MTv BURNUP= 51519. M*D/HTv FLUA= 3.62E 1 5  N/CM**Z-SEC 

Y i l C L I D f  GAMMA POvlERv M A T T S  / W E T H i C  TON ( U + PU ) 

<R 85 2.06E-01 2.05f -01 2.02E-01 2000E-01 1.73E-01 2.986-02 
I N I T I A L  3 0  0 YO.. D 150. D 1096. il 10958. 0 

a8  86 2.63E 00 9.28:-01 9.93E-02 1oOBf-02 b.09E-18 0.0 
Y 91 4.61E 0 1  3.242 0 1  1.60E OL 7.88E 00 1.14E-04 0.0 

ZR 94  1.96E 94 1.42E 0 4  7.51E 03 3.96E G3 1.66E-01 0.0 
YB 95M !.27E 02 9079E 01 5.18f 01 2.72E 01 1.14E-03 1o66E-15 
N a  95 2.04E 04 1.91E 0 4  1.31E 04 7.81E 0 3  3.77E-01 0.C 
YO 99 4.32E 03 3068E 00 1.25E-06 4.23E-13 0.0 0.0 
Ai1!03 1.34E 04  7.92E 03 2.77E 03 9.69E 02  to24E-05 3.0 
2a-1106 2.55E 03 2.415 0 3  2.15E 03 10Y2E 03 3.21E 02 2062E-06 
4Gl lOM 4.56E 01 4.20E 01  3056E 01 3 0 0 2 t  01 2 . 2 b E  00 4e16E-12 
AS113 4.01E 0 1  6.91E-02 5.86E-02 4097E-02 3.7gE-03 6.856-15 
3D115M 3.82E-01 2.36E-01 8oY7E-02 3.41E-02 8.12E-09 0.0 
SB;24 l .75E 00 1.24E 00 6.18E-01 3.09E-01 5.58E-06 0.0 
SNi25 5.41E 0 1  5092E 00 7.10E-02 8.50E-04 0.3 0.0 
Si3125 5.98E 01 5.OlE 0 1  5.78E 01 5.54E 01  2.85E 01 2.78E-02 
58126 4.47E 01 8.48: 00 3.22E-0i 2.85E-02 i .76E-02 i.76E-02 
S8127 1.51E 03 7.225 00 1.59E-04 3049E-09 0.0 3.G 
TE127 1.32E 0 1  2.47E 00 1.65E 00 1.13E 00 2.75E-03 2-40E-10 
TE129M 1.25E 02 6.84E 01 2.01E 01 5093E 00 2.QYE-08 000 
TE129 6.91E 0 2  1.OOE 02 2.96E Oi 8.70E 00 3.66E-06 0.0 

1131 6.63E 03 5.15E 02 2.94E 00 1.68E-02 0.3 0.0 
~ ~ 1 3 2  2 . 0 4 ~  03 3 . 4 0 ~  00 9 . 6 ~ f - 0 6  2 . 7 6 ~ - 1 1 :  0.0 0.0 

I 1 3 2  4 . S 3 E  04 8044E 0 1  2.40E-04 6.85E-10 0.3 0.0 
35134 4.66E 02 4 0 5 3 E  0 2  4029E 02 4.OSE 02 l.63E 02 1087E-02 
2 1 3 6  3.40E 03 6.67E 02 2.80E Oi 1.14E 00 0.3 0.0 
BA:37H 6.28E 02 t i e27 f  02 6.25E 02 6 0 2 3 E  02 5 0 8 5 E  02 3014E 02 
8A140 6.56E 03 1.29E 0 3  5 . O Z E  Oi 1.95E 00 0.3 0.0 
LAi4O 5.49E 04 1.20E 0 4  4.66E 02 l . 8 l E  01 1.61E-17 0.0 
CE14!, 5.10E 02 4.74: 02 4.09E 02 3.54E 02  3 . 5 i E  0 1  1.24E-09 
P R I G ’ +  4.02E 02 3.572 02  3o09E 02 2067E 02 2.6SE 01 9033E-10 
YO147 2.23E 02 3.43E 01 8.08E-01 1.9lE-02 0.3 0.0 
PM148M !.30E 03 7.92E 02  2.94E 02 1.09E 02 1oBlE-05 0.0 
PMi48 5.04E 02 3.07E 01 7.70E 00 2.86E 00 4 - 7 4 6 - 0 7  3.0 
EU!5!, 1 . 2 7 E  01  1.26E 01 1.25E 01 1.24E 01 l o l l €  0 1  3o45E 00 
EU!S6 1.56E 03 3.99f 02 2.49E 91 1.565 00 1061E-19 0.0 
T b l 6 0  1,49E 02 1.12C 02 6.28E 01 3.53E 0 1  3.36E-03 0.0 
suBror 1 . 9 4 ~  0 5  6 . 2 0 ~  04 2 . 8 4 ~  o+ 1 . 6 6 ~  04 i . i t i ~  03 3 . 1 ~ ~  02 

T O T A L S  1.44E 06 6.20E 04 2.84E 04 1.66E 04 i . i 8 E  03 3.18E 02 



357 

A I  REFEREKE O X I D E  LMFBR-CORE PLUS A'XIAL BLANKET 

ELEMENT THERMAL PdkEH, N A T T S  / M E T R I C  TON FUEL CHARGED TO REACTOR 

H 
ZN 
GA 
CE 
A S  
SE 
a R  
KR 
R B  
SR 

Y 
LR 
N0 
MU 
TC 
KU 
RH 
PD 
A G  
:D 
I N  
SN 
SB 
T E  

I 
X E  
tS 
6A 
LA 
C E  
PR 
Y O  
PM 
S M  
EU 
SD 
Tt )  
D Y  
A 0  

I N I T I A L  3 0 .  D 90. 0 150. D 1036. 0 10958. D 
5.346-02 5 .31 t -02  5.26E-02 5.21E-02 4.5iE-02 9.84E-03 
1.22E 00 2066E-05 1027E-14 0.0 0.3 0.0 
2.36E 01 5.38E-04 2.56E-13 0.0 0.0 0.0 
8.42E 00 1.21E-19 0.0 0.0 0.3 0.0 
1.48E 02 1.51E-06 9.49E-18 0 . 0  0.3 3.0 
8.936 03 1.58E-05 1.58E-05 1.58E-05 1.58E-05 1.58E-05 
8.47E 04 4.83E-06 2.62E-18 0.0 0.3 0.0 
1.26E 05 2.56E 0 1  2.53E 01 2.50E 0 1  i 0 1 2 E  0 1  3.72E 00 
3.43E 05 B . 0 0 E  CO 8.61E-01 9.276-02 1.07E-08 1.07E-08 
2.13E 05 3.62E 0 3  1.67E 03 8.00E 02 8oOBE 0 1  4015E 01 
3.09E 05 5.79E 0 3  3o04E 03 1.69f 0 3  305GE 02 1.82E 02 
5.44E 04 1.73E 04 9.14E 03 4.826 03 2002E-01 2.61E-04 
2.75E 05 2.03E C 4  1.39E 04 8.29E 03 4.00E-01 3.095-04 
1.75E 05 1.27E G 1  4030E-06 1.466-12 0.3 0.0 
2.64E 0 5  2.30E 00 1.56E-02 lo56E-02 1o56E-02 1.56E-02 
6.44E 04 9.12E 03 3.26E 03 1.20E 03 1.64E 0 1  1.34E-07 
7.89E 04 2.07E 0 4  1.81E 04 1.61E 0 4  2 . 6 8 k  03 2018E-05 
7.68E 03 4.61€-09 0.0 0.0 0.3 0.0 
6 .50E 03 9049E 01 3095E 0 1  3033E 0 1  2049E 00 4059E-12 
4.37E 02 1.89E 00 8.92E-01 5.126-01 2.45E-01 6.47E-02 
8.79E 02 1.04E-02 6.4lE-03 2.79E-03 5.626-09 0.0 
1.92E 04 6 .90 t  0 1  3.62E 00 2.07E 00 1.3GE-01 7.31E-02 
2 . 5 9 E  05 1.40E 02 1.06E 02 1.01E 02 5.18E 0 1  8.25E-02 
1.96'2 05 1.48E 03 5.23E 02 2.18E 02 5.74E 00 5.36E-03 
4.03E 05 1.01E 03 5.12E 00 2.92E-02 3073E-05 3 . 7 3 6 0 5  
2.46E 05 1o36E 02 4.14E-01 1.13E-02 0.0 0.0 
4.02E 05 1.52E 03 7.87E 02 7.316 02 4048 t  02 1039E 02 
1.39F 05 3.38E 0 3  7.32E 02 6.27E 02 5.86E 02 3.14E 02 
2.49E 05 1.56C 04 6.05E 02 2.3SE 0 1  2.34k-17 0 . 0  
7o61E 04 6.32E 03 2.78E 03 1o66E 03 1.30E 02 'to58E-09 
9.72E 04  1.71E 04  1.30E 04 l o l l €  0 4  1.1Ok 0 3  3089E-08 
1.57E 04 7.97E 0 2  1 0 8 8 E  01 4.44E-01 0.3 0.0 
1.34E 04 1.21E 03 6.06E 02 3 . 8 1 i  02 1.28€ 02 1oGlE-01 
2.31E 03 1.24E 0 1  1024E 01 1.24E 01 1.21€ 01 907bE 00 
6.C2E 03 6.49E 02  1.50E 02 1. i3E 02 4.90E 3 1  u.14E 00 
5.70E 02 2048E- 0 1  2.22E 01 1.98E 0 1  3.28E 00 2.45E-08 
2.97E 02 1 o 8 8 E  0 2  1.20E 02 8.19E 0 1  6.47t 00 4.81E-08 
3.34E 00 8.43E-04 4010E-09 1.99E-14 0.3 0.0 
2.67E 00 6.51E-03 3.16E-08 1.54E-13 0.3 0.0 

TOTALS 4.14E 06 1.27E 0 5  6.86E.04 4.80E 04 5.68E 03 6.94E 02 



A I  REFERENCE O X I D E  LMFBR-CORE PLUS AXIAL A i d 9  RADIAL BLANKETS 
POHEK- 58.23 Md/lYTs BURNUP= 32977. MWU/MT, FLUX= 2.65E 1 5  N/CM**2-SEC 

NUCLIDE CCNCEhTRAlIONS, GRAMS / M E T K A C  TON t LJ + PU ) 

S E  82 4.30E 00 4.30E 00 C’o30E 00 4.3OE 00 4.30E 00 4.30E OG 
I(R 33 So54E 01 5.54F 0 1  6o54E 01 b054E 01 6.54t 01 6.54E 01 

I Y I T  I A L  30. D YO. D 150. 0 1096. 0 16958. D 

KR 9 4  1.14E 02 1 . 1 4 E  0 2  E.14E 02 1.14E 02 1.14E 02 1.14E 02 
K R  8 5  2.62E 0 1  2.61E 0 1  2.58E 01 2.56E 01 2.16E 01 3m80E 00 
28 85 4.39E 01 4.41E 01 4043E 01 4.466 01 4085E 01 6.64E 01 
KR 86 1 0 0 8 E  02 1.08E 02 1.06E 02 1.08E 02 1.08E 02 1008E 02 
PI3 87 1.34E 02 1.34E 0 2  1.34E 02 1.34E 02 1.34E 02 1034E 02 
SR 38 2.04E 02 2 0 0 4 E  02 2004E 02 2004E 02 2.04E 02 2.04E 02 
S R  5 3  3.37E 01  2.26E 0 1  1.01E 01 4056E 00 1.52E-05 0.0 

Y 89 2.12E 02 2.23E 02 2.35E 02 2.41E 02 2046E 02 2.46E 02 
SR 90 3.08E 02 3.07E 02 3.06E 02 3.05E 02 2086E 02 1.47E 02 
L K  90 6.03E 00 6.66E 00 7.90E 00 9.14E 00 2080E 01 1.67E 02 

Y 9 1  5 . 3 6 E  0 1  3077E 01 1.86E 01 9.17E 00 1.32E-04 0.0 
LR 9 1  2.93E 02 3.09E 0 2  3.28E 02 3038E 02 3.47€ 0 2  3047E 02 
LR 92  4049E C2 4050E 0 2  4o50E C2 4.50E 02 4050E 02 4.50E 02 
ZR 93 5055E 02 5.56E 02 5.56E 02 5056E 02 5055E 02 5m56E 02 
ZR 94 6.30E 02 i .30E C2 6030E 02 6.30E 02 6030E 02 6.30E 02 
Z R  95 1.37E 02 9.92E 01  5 . 2 3 E  01 2.76f 0 1  1.15E-03 0.0 
v a  95 7 . 2 5 ~  01 6.78 t  01 4 . 6 5 ~  01 2 . 7 8 ~  01 i .3 ’+~ -03  0.0 
MO 95 5075E 02 5.18E 02 6086E C2 7.29E 02 7084E 02 7084E 02 
Z R  36 7.34E C2 7034E 0 2  7034E 02 7034E 02 7.3iE 0 2  7 0 3 4 f  02 
M U  96 1.30E 01 1.30E 0 1  1.30E 01 1.30E 01 1.30E 3 1  1e30E 01 
M i l  97 9.82E 02 9.84E 02 9.84E 02 9.84E 02 9.84E 02 9084E 02 
MO 98 8.56E 02 9056E 0 2  8.56E 02 do56E 02 8 0 5 S E  02 8056E 02 
TC 93 A063E 02 8 o 7 1 f  02 8.71E 02 8.70E 02 8070E 02 8070E C2 
M O l O O  1.01E 03 1.0I .E 03 1.01F 03 1 o O l E  03  1 o D l k  03  1001E 03 
13U100 2.03E 01 2.03E 01 2.03E 01 2.03f 0 1  2.03E 01 2.03E 01 
K U l O l  R034E 02 A034E 02 8.34E 02 8. 34E 02 8034E 02 8.34E 02 
RU102 9.36E 02 9.36E 02 9.36E 02 9.36E 02 9035E 02 9.36E C2 
Rd103 9.29E 01 5049E 0 1  1.92E 31 6072E 00 4.33E-07 0.0 
RH103 7.81E 02 8.19E 0 2  8055E 02 8068E 02 8.74E 02 8074E C2 
RU104 Ro70E G2 3.70E 02 3.70E 02 8.70E 02 8070E 02 8070E 02 
PO105 5058E 02 5.61E 0 2  5.61E 02 5.61E 02 5.61E 02  5.6LE 02 
RU106 4.076 ‘22 3 . 8 4 E  02 3043E 02 3.06E 02 5.13t 0 1  4.18E-07 
PO106 2.71E 02 2.94E 0 2  3 0 3 5 E  02 3.72E 02 6.27E 02 6078E 02 
PD107 4.9hE C2 4096E 02 4.96E 02 409bE 02 4.96E 02 4.96E 02 
PDlO8 3.11E C2 3.11E 02 3.11E 02 3.11E 0 2  3.11E 02 3 o l l E  02 
AGl09 3o62E 02  3.63t 02 3.63E 02 3.63E 02 3.636 02 3.63E C2 
C O l l O  1.84E 01 1.84E 01 1.65E 01 1.85E 01 1.87E 0 1  1.88E 01 
C D l 1 1  6.00E 01 6.13E 01  6.13E 01 6.13E 0 1  6013E 01 6.13E 01 

tD114  4.01E 00 4.01t 00 4 o 0 1 E  00 4oC)lE 00 4.01E 00 4.01E GO 
SN117 4.16E 00 4.16E 00 4016E 00 4.16E 00 4o lbE  00 4.16E CO 
Sa121 1 0 2 3 E  0 1  1.24E 0 1  1.24E 01 1.24E 01 102’ t t  01  1027E 01 
SB125 1.90E 0 1  1.90t: 0 1  l o E 3 E  01 1.75E 0 1  9.02E 00 8.8OE-03 
SNl2h 5.996 01 5099E 0 1  5099E 01 5.99E 0 1  5099E 01 5099E 01 
TE1271Y 7054E 00 5.47 t  00 4.42E 00 3.02E 00 7.36E-03 0.0 

t o l l 2  3.73E 01 3.74E 0 1  3.74E 31 3.74E 01  3.74E 01 3074E G 1  



359 

A I  REFERENCE 3 X I D E  LMFBK-CORE PLUS AXIAL ANU RADIAL BLANkETS 
DOWER= 58.23 MrJ/MTv BURNUP= 32977. E(*D/HT, FLUX= 2.65E 1 5  N/CH**2-SEC 

NUCLIDE CGNCENTRATIOkS, GRAMS / M E T k I C  TON t LJ t P d  1 
I N I T I A L  30. 0 90. 0 150.  0 1096. 0 10958. D 

I 1 2 7  1.11E 02 1.13E 02 1.15E 02 1 . 1 7 t  02 1oLOE 02 1.20E 02 
TEt28 1.61E 02 1.61E 02 1001E 02 1.61E 02 1.51E 02 1061E 02 
TE12914 1.12E 0 1  6.OaE OC 1.79E 00 5027E-01 2.22E-09 0.0 

1129 3.21E 02 3.27E 02 3.31E 02 3.326 02 3033E 02 3033E 02 
TE130 3.65E 02 3065E 02 3065E 02 3.65E 02 3.65E 02 3.65E G2 
XE130 9074E 00 9 0 7 7 t  00 9077E 00 9077E 00 9077E 00 9077E 00 
XE131 6.65E 02 4079E 02 6.80E 02 6.80E 02 6.80E 02  6.80E 02 
XE132 9.68E G2 9077E 02 9077E 02 9077E 02 9077E 02 9.7715 02 
CS133 1.22E C3 1024k 0 3  1o24E 03 1.24E 03 1.2rE 03 1 0 2 4 E  03 
YE134 1.37E C3 1.37E 03 1.37E 03 1o37E 03 1.37E 03 i037E 03 
tS134  2.29E 0 1  2022E 0 1  2.1Ok 01 1.93E 01 8.29E 00 9019E-04 
aA134 3.99E 00 4.62E 00 5.82E 00 6.956 00 1.8bE 01 2069E 01 
CS135 1.33E C.3 1.33E 03 1.33E 03 1.33t 03 1.33E 03 i 0 3 3 E  03 
XE136 1022E C3 1022C 03 1022E 03 1.22E 03  l o L 2 f  03  1 0 2 2 E  O? 
BA136 3.646 01 3079E 01 3 0 8 3 f  01 3083E 01 3e83E 01 3083E 01 
tS137  1.26E 03 1.25E 03 1.25E 03 1.24E 03 1.17E 03  6 0 2 8 t  02 
fiA137 2021E 0 1  2.45E 01 2.93E 01 3.4OE 01 lo36E 02  6.50E C2 
BA138 1022E C3 1022E 0 3  1022E 03 1022E 03  L.22E 03 1022E 03 
LA139 1.14E 03 1.14E 03 1.14E 03 1.14E 03 1.14E 03 1 . i 4 E  03 
BAl4O 3.64E 01 7.17E 00 2e78E-01 L o O B E - 0 2  0.3 0.0 
CE140 1.21E C3 1.25E C3 1.26E 03 1.26E 03 1026E 03 1026E 03 
GE141 9.78E 0 1  5.18E 01 1 0 4 3 E  01 3097E 00 6 . 4 5 E - G 9  0.G 
PK141 1e03E 0 3  leG8E 03  1012E 03 1.13E 03 1.13E 03 1.13E 03 
:El42 1.01E 03 1.01E 03 1001E 03 1 o O l E  03 1.01E 0 3  1 o O l E  03 
N D 1 4 Z  4.76E 00 4078E 00 4078E 00 4078E 00 't.78E 00 4 0 7 8 t  00 
PR143 3.96E 01 9 .66E 00 4064E-01 2023E-02 3.54E-23 0.0 
NYD143 9097E G 2  1a03E 03 loO4E 03 1.04E 0 3  1.34E 03 1004E 03 
LE144 4.30E 02 4.00E C2 3045E 02 2.98f 02 2.96t 01  1.04E-09 
NO144 4.15E 02  4046E 02 5.00E 02 5047E 02 8 o l 6 E  02 8046E 02 
10145 6.64E 02 4a65E 02 6.65E 02 6.65E 02 6065E 0 2  6065E 02 
YO146 6 o l f E  02 ho17E 02 6.17E 02 6.17E 02 6.17E 02 6017E 02 
PM147 3.76E 02 3.80E 02 3.66E 02 3.51E 02 1.77t 02 1040E-01 
SM147 7.89E 0 1  a.72k 01 1.03E 02 l .19E 02  2 . 9 3 €  02 4.69E 02 
VD143 3083E G 2  3.83E 02 3.63E 02 3.83E 02 3083E 02 3083E 02 
SH148 3.27E 01 3044E 01 3057E 01 3.62E 01 3.65E 01 3065E 01 
SM149 2.81E 02 Z.33E 02 2083E 02 2.63E 02 2.83E 02 2.83E 62 
V0150 2-26E 02 2.26E 02 2,266 02 2.26E 02 2.26E 02 2.26E 02 
SMl50 2.07E 0 1  2.07E 01 2.07E 0 1  2.07E 01 i e O 7 E  01  2.07E 01 
SM151 1.72E C2 1 0 7 2 t  02 1072E 02 1.72E 02 1063k  02 i o 3 6 E  02 
~1-1152 1 . 5 3 ~  02 1 . 5 3 ~  02 1 . 5 3 ~  a2 1 . 5 3 ~  02 1 . 5 3 ~  02 1 . 5 3 ~  02 
EU153 7.43E 0 1  7.48E 0 1  7.48E 01 7048E 01 7.48E 01  7.486 01 
SM154 6.04E 01 6.04E 0 1  6004E 01 6004E 01 6.04E 01  6004E 01 
EU154 6.75~5 00 6.72F 00 6068E 00 6.63E 00 5.92E 00 1.84E 00 
EU155 .60&3E 01 5.23E 01 5085E 01 5049E 01 2.34E 01 6.58E-04 
GD155 1o88E 01  2.08E 0 1  2.46E 01 2.82E 0 1  6.28E 01  8031E 01 
;DL55 4.656 01 4.elE 01 4.86E 01 4.87E 01 4.87E 01 4087E 01 
GD157 2.75E 01 2.76E 01 2.76E 01 2.76E 01 2.76E 01 2o76E C l  
G D I S R  7 - 5 4 F  01 7 -54E 01 7054E 01 7 0 5 4 f  01 7 0 5 4 F  01  7054E !lJ 
18159 3074E 01 3075E 0 1  3075E 01 3075E 01 3075t: 01 3075E 01 
3Y l6L  7053E 00 7.63E 00 7069E 00 7069E 00 7069E 00 7069E 00 
SUBTOT 3.48E 04 3049E 0 4  3049E 04 3.496 04 3049E 04 3048E 04 

TOTALS 3049E C4 3049E 0 4  3049E 04 3049E 04 3eQ9E 0 4  3049E 04 



360 

A I  REFERENCE J X I D E  LMFBK-COKE PLUS AkIAL A Y D  RADIAL BLANKETS 

ELEMENT CONCENTRATIONSt G R A M S  / METkIC TUN FUEL CHARGE0 T O  K E A C T O R  
I N I T I A L  30. D 90. 0 150. 0 1095, 0 10958. 0 

H 
Z N  
J A  
;E 
4 s  
SE 
3R 
K R  
RB 
SR 

Y 
Z R  
N 8  
1U 
T C  
KU 
RH 
P D  
4 G  
:o 
I N  
SN 
S B  
T E  

1 
YE 
t S  
B A  
LA 
C E  
PK 
ID 
PM 
SM 
EU 
GD 
T B  
i)Y 
d 0  
E K  

9.66E-02 9.61E-02 9.53E-02 9044E-02 8.16t-02 1.78E-02 
5 . 5 1 ~ - 0 4  1 . 2 0 ~ - 0 e  5.73~-18 0.0 0.0 0.0 
1.69E-04 5.24t -09 2.5C)E-18 0.0 0.0 0. (i 
1.59E-01 1 .61€-@1 1.61E-01 1 o b l E - 0 1  1.61E-01 1oClE-01 
1.90E-02 1086C-02 1.86E-02 1086E-02 1085E-02 1.86€-02 
6057E 00 6.57E GO 6.57E 00 6.57E 00 6 0 5 7 t  00 6.57€ 00 
2.26E 00 2.23F 00 2.23E 00 2.23E 00 2 . 2 3 t  00 2023E 00 
3.13E C Z  3.13E 0 2  3.13L 02 3012E 02 3.06t 02 2.91E 02 
1 0 7 8 E  02 1.78F 02 1 0 7 8 E  02 1.7YE 02 1.92E 02 2.00E 02 
5046E 02 5034E 0 2  5.21E 02 5014E 02 4033E 02 3.51E C2 
2.66E 02 2.61'- 0 2  2.54E 02 2 0 5 0 E  02 204bE 02 2.46F 02 
2.8l.E C3 2.78E 03  2.76E 03 2.74ii 03  2.7Ct 03 2.88f 03 
7.29E 01 6.795 01 4.65E 01  2.78E 0 1  2.31t-03 7.90E-03 
3044E 03 3 0 4 8 E  03  3055E 03 3.59E 0 3  3.6CE 03 3064E 03 
8064E 02 8.71E 02 8.71E 02 8070E 02 8.70E 02 8.70E 02 
3 0 1 6 E  03 3.10E 03 3 .C2E 03 2.97E 03 2.71E 0 3  2.66E 03 
7084E 02 8.19F 0 2  8055E C2 8058E 02 8.74E 02 8.74E C2 
1.64E 03 1.67E G3 1.71E 03 1.74t 03 2.30€ 03  2e05E 03 
3 0 6 4 E  02 3 0 6 4 E  02 3063E 02 3063E 02 3.63E 02 3063E 02 
1 0 2 5 E  0 2  1 0 2 6 t  02 1.26E 02 102bE 02 1.27E 02 1 0 2 6 E  02 
2001E 00 2.03E OC' 2.04€ 00 2005E 00 2 . i 2 t  00 2.47E 00 
7049E 01 7.42t 01 7.41E 0 1  7.41f 0 1  7.4Cit 0 1  7 0 3 7 t  01 
3044E 0 1  3.30E 01  3.22E 01 3*15E 01 2.30€ 0 1  1.43€ G 1  
5 0 6 0 E  02 5045E 02 5.40t 02 5038E 02 5 0 4 3 E  02 5052E 02 
4 0 5 0 E  02 4.41F C Z  4046E 02 4049E 02 4.52E 0 2  4.52E 02 
4.26E 03 4.26E 0 3  4026E 03 4.26E 03 4026E 03  6026E 03 
3083E 03 3085E 03 3.84E 03 3 0 8 4 E  03 3075L 03  3.20€ 03 
1.32E C3 1.23E G3 1.29E 03 1.30E 0 3  1.38E 03 1.93E 03 
1.15E 03 1.14L 03 i.14E 03 1.14E 03 101Ck 03 1 0 1 4 E  03 
2.75E 03  2.70t  C3 2062E 03 2.56E 03 2 0 Z 9 t  0 3  2026E 03 
1.07E 03 1.09E 0 3  1.12k 03 1 .13E G3 1 o l J E  0 3  1.13E 03 
3.32E C3 3038E 0 3  3044E 03 3049E 03 3075fi 03 3 . 7 8 t  C3 
3.82E 02 3.82E 02 3.67E 02 3.51E 02 1.77E 02 1.40E-01 
8.00E 02 8 e l Z E  02 8.29€ 02 8.45E 02 1 o O Z E  03 1016E 03 
1049E 0 2  1.45f  02 1.41E 02 1.38E 02 l . O b E  02 l o 1 4 t  02 
1o74E 02 1.77t  02 1-81E 02 1 . 8 5 E  02 2019t 02 2 0 4 3 t  02 
3.86E 01  3.83f 01 3.79E 01 3077E 01 3075E 01 3075E 01 
1.3RE 01 1.43E 0 1  1.49E 01 1.53E 0 1  1.63E 0 1  1.71E 01 
2.22E-01 2.2 L E - 0 1  2.21 E - 0 1  2 . 2  1 E - 0 1  2.21 t -01  2 2 1k-01 
1.54E-01 1.56L-Cl 1.56E-01 1.56E-01 1.53E-01 1056E-01 

TOTALS 3.49E C4 3.496 04  3e49E 04 3049E 04  3 0 4 9 E  04 3049E C4 



A I  REFERENCE O X I D E  LMFBK-COKE PLUS AXIAL AND RADlAL BLANKETS 
PO*IER= 58.23 M r l / M T *  BURNUP= 32977. MLID/MT, FLUX- 2065E 1 5  N/CM**z-SEC 

VUCLIDE R A D I O A C T I V I T Y ,  CURIES / M € T h l C  TON ( U + PU J 
I N I T I A L  30. D 90. 0 150. 0 1096. D 10958. 0 

H 3 9.36E 02 9.32E 02 9023E 02 9.15E 02 7.91E 0 2  1073E 02 
SE 79 3.92E-02 3.92E-02 3.92E-02 3.92E-02 3.92E-02 3.92E-02 
K R  85 1.03E 04 1002E 0 4  1 0 0 1 E  04 1.00f 0 4  a066E 03  1049E 03 
R8 86 3012E 03 1.02t 03 1 o l O E  02 1.19E 01 6.72E-15 000 
SR 89 9.50E 05 6.37E 0 5  2.86E 05 1.29E 05  4.30E-01 0.0 
SR 90 4035E 04 4 ~ 3 4 E  04 4033E 04 4.31E 0 4  4.04E 0 4  2008E 04 

Y 90 4.486 04 4035E 0 4  4033E 04 4.31E 0 4  4.36E 0 4  2008E 04 
Y 91 1.31E 06 3.21E 0 5  4054E 05 2.24E 05 3.23E 00 0.0 

Z K  93 1.4ZE 00 1.43E 00 1.43E 00 1.43E 00 1.43E 00 1.43E 00 
NB 93M 5.39E-02 5.96t-02 7010E-02 8.23E-02 2.48E-01 1.13E 00 
Z R  95 2.89E 06 2olOE 06 l o l l €  06 5084E 05  2.44E 01 0.0 
YB 95M 5.77E G4 4045E 0 4  2.36E 04 1.24E 0 4  5018E-01 7.53E-13 
18  95 2.85E 06 2066E 06 1082E 06 1.09E 06 5.27E 01 0.0 
MU 99 3 o l O E  06 1 . 9 l E  03 6.12E-04 2.07E-10 0.3 0.0 
T C  99M 2.70E 06 1.73E 03  5085E-04 1098E-10 0.0 0.0 

RU103 7.97E C6 1.76E 06 6015E 05 2.15E 05 1.39E-02 0.0 
RH103M 2097E O b  1.76E 06 6 ~ 1 6 E  05 2016E 05  1039E-02 0.0 
RH105 1.96E 06 2.80E 00 1.51E-12 0.0 0.3 0.0 
RUlO6 1.37E 06 1.29E 06'1.15E 06 1.03E 06 1.72E 0 5  1.4OE-03 
RHL06 1.37E 06 1.29E 06 1015E 06 1.03E 06 1.72E 05  1040E-03 
A G 1 1 O M  1.72E C3 1.59E 0 3  1 0 3 5 E  03 1 0 1 4 E  03 8 . 5 5 6  01 1157E-10 
4G110 102OE C5 2.06E 0 2  1.75E 02 l.+BE 02 1 o l l E  01 2005E-11 
A G l l l  2001E C S  1.26E 0 4  4.91E 01 1.92E-01 0.0 0.0 
C 0 1 1 3 M  1.27E 02 1.26F 0 2  1.25E 02 1.24€ 02 1.09E 02 2086E 01 
IN114M Z o l 7 E  00 1.43E 00 6022E-01 2.71E-01 5.4bE-07 0 .0  
I N 1 1 4  3.70E Or) 1.38E 00  6000E-01 Lo61E-01 5026E-07 0.0 
COl l5M 4037E 02 2.69€ 02  1 o O Z E  02 3089E 01 9028E-06 0.0 
LO115 6olOE 03 5.45L-01 4030E-09 3.40E-17 0.0 0.0 
IN115M 6.1OE C3 5.95E-01 4.70E-09 3.71E-17 0.0 0.0 
SN117M 2 .10E 00 4.76E-01 2.44E-02 1.25E-03 0.3 0.0 
SNl lYM 2028E 01 2010E 0 1  1.78F. 01 1.50€ 01 1.09E 00 1045E-12 
SN l2 lM 5.41E 01 5.40E 01 5040E 01 5039E 01 5026E 01 4011E 01 
SB122 1 o S l E  03 3.57E-01 3.39E-07 1 0 2 0 f - 1 3  0.0 0.0 
SN123M 9.10E 02 6086E 02 4092E 02 3053E 02 loB6E 00 0.0 
TE123M 3048E 00 2.92E 00 2004E 00 1.43E 00 5027E-03 0.0 
S8124 1.09E C2 7.67E 0 1  3084E 01 1.92k 0 1  3046E-04 0.0 
SN125 6 r l l E  C4 6.696 03 8002E 01 9061E-01 0.0 0.0 
SI3125 2 . 0 1 E  04 % . 0 2 E  04 1.94E 04 1.86E 0 4  9.54E 03 9.32E 00 
TE125M 6.74E 03 7.08E 03  7.40E 03 7.42E 03 3.Y6E 03 3.86E 00 

r c  99 1 . 4 7 ~  01 i . 4 ~ t  01 1 . 4 8 ~  01 1 . 4 8 ~  01 1 . 4 8 ~  01 1 . 4 8 ~  01 

SNl26 1.70E 00 1.70E 00 1 0 7 0 E  00 1.70E 00 1 0 7 0 E  00 lo7OE 00 
SB126M 3.07E 03 1.70E 00 1.70E 00 1070E 00 1.70f 00 1070E 00 
SB124 4099E 03 3.47E 0 2  3.56E 01 2.90E 00 1.64E 00 1068E 00 
SO127 3.36E 05 1.605 03 3.52E-02 7.74E-07 0.0 0.0 
TE127M 7.11E 0 4  6.11E 04 4.17E: 0 4  2 .85E 04 6.35E 01 0.0 
TE127 3.32E 05 6.1RE 0 4  4.12E 04 2.81E 04 6.87E 01 6000E-06 
TE129M 3.32E C5 1 . B l E  05 5033E 04 1.57E 0 4  6ob lE-05 0.0 



A I  REFFRENCE O X I U E  LMFBR-CUKE PLJS AXIAL ANU RADIAL BLANKETS 
POWER= 58.23 Md/MT 9 BURNUP= 32977. M ~ D / M J I  FLUX= 2.65E 1 5  N/CM**2-SEC 

NUCLIDE S A D I O A C T I V I T Y I  CURIES / M E T R I C  TON 1 J + PU ) 

TE129 8.02E C5 1 0 1 6 E  0 5  3.42E 04 1001E 04 4.23E-05 0.0 
I 1 2 9  5.24E-02 5.33t -02 5.40E-02 5.42E-02 5.43E-02 5.43E-G2 
1131 X079E 06 1.39E 05 7 .92E 02 4052E 00 0.0 0.0 

XE131M 1084E 04 5019E 0 3  2.39E 02 7037E 00 0.3 0.0 
~ ~ 1 3 2  2 . 5 0 ~  06 4 . 1 8 ~  03 i . i 9 ~ - 0 2  3.396-0a 0.3 0.0 

I 1 3 2  2.52E 06 4030E 0 3  1o23E-02 3.4'3E-08 0.0 0.0 
XE133M 8.06E 04 1022E 01 1.24E-07 1027E-15 0.0 0.0 
XE133 3.26E C6 7045E 04 2079E 01 1.04E-02 0.0 0.0 
CS134 2.98E 04 2*90€ C 4  2.74E 04 2.59E 04 1.38E G4 1 0 2 0 t  00 
tS135 1.17E 00 1.17E 00 1.17E 00 1.17E 00 1.17t 00 1.17E 30 
CS136 1.42E 05 2.98F 04  1-17E 03 4079E 01 0.0 0.0 
t S 1 3 7  1.09E 05 1.09E 05 1.09E 0 5  1.08E 05 1002E 05 5046E 04 
6A137M 1.02E C5 1.02E 05 1.02F 05 1 o O l E  05 90533E 0 4  5011E 04 
EA140 2.65E 06 5.23E 05 2003E 04 7.87E 02 0.3 G o 0  
LA140 2.75E 06 6.01E C.5 2o33E 04 9.06E 02 9.35t-16 0.0 
CE141 2.80E 06 1 0 4 8 F  06 4.1OE 05 1 0 1 4 E  0 5  1 0 8 5 t - 0 4  0.0 
CEl.43 2.64E 06 7.18E-01 5025E-14 0.0 0.3 0.0 
PR143 2.64E 06 6044E 05 3.09E 04 1.49E 03 2oC3E-18 0.0 
,E144 1.37E 06 1.28E 06 l o l O E  06 9053E 05 90C7E 0 4  3.336-06 
PRl4c  1.43E 06 1.29E 06 l o l O E  06 9.53E 0 5  9047E 04 3.336-06 
NO147 1020E C6 1.85E 05 4037E 03 1.03E 02 0.0 0.0 
PM147 3049E 0 5  3.5.3E C 5  3.40ti 05 3026E 05 l 0 6 4 E  05 1.3GE 02 
PM148N 6.80E 04 4.14E 04 1.54E 04 5.72E 03 9.48E-04 0.0 
PI4148 8.06E C4 4.93E 0 3  1.24E 03 4059E 02 7.62t-05 0.0 
PM149 7.17E C5 6.15E 0 1  4.22E-07 2.90E-15 0.0 0.0 
SM151 4.68E 03 4.69E 0 3  4.69E 03 4068E 0 3  4059E 0 3  3.70E C3 
EU152 1.05E 01 1.C5E 0 1  1.04E 01 1.03E 0 1  8084E 00 1086E 00 
SM153 1.95E 0 5  4.82E 00 2.89E-09 0.0 0.0 0.0 
S O 1 5 3  5.49E-01 5.04F-01 4.24E-01 3.57E-01 2.38E-02 1.58E-14 
EU154 9.79E C2 9.76E 02 90b9E 02 9 0 6 2 E  02 8050f 02 2047E 02 
EU155 8.19E 04 7094E 0 4  7.46E 04 7.00E 04 2.60E 0 4  do39E-01 
EU153 1.ZOE C 5  3.C6F 04 1.91E 03 1020E 0 2  1.24E-17 0.0 
~ a i 6 0  1.26~ c4 9.45t 03 5 . 3 1 ~  03'2.98~ 03 3.35t-01 0 . 0  
TI3161 1.85E 04 9.08E 02 2.19E 00 5.28E-03 0.0 0.0 
50162 4 . 6 ~  03 4 . 4 2 ~  03 3 . 9 4 ~  03 3 . 5 2 ~  03 5 . 8 4 ~  02 4 . 3 5 ~ - 0 6  
TB162M 4 . 6 8 E  03 4.42E 03 3094E 03 3.52E 03 50a4E 02 4035E-06 
0 ~ 1 6 6  2.80~ 02 ~ . i 3 ~ - o i  z . 9 a ~ - o 6  i , 4 5 ~ - i i  0.0 0.c 
d o l 6 6  3.71E 02 3.14E-01 4045E-06 2.16E-11 0.3 0.0 
S U B T O T  5.66E 0 7  2.01F 07  1.09E 07 7.41E 0 6  loO4E 06 1.53E 05 

I N I T I A L  7 0 .  0 90. I) 150. D 1096. 0 10958. D 

TOTALS 2.59E 08 2 .01E 07 1.09E 07 7.41E 06 1.04f 06 1.53E 05 



363 

A i  REFERENCE O X I O E  LHFBR-CORE PLUS A X I A L  AND RADIAL BLANKETS 
POAER= 58.23 MW/HT, BURNUP= 32977. MWO/MTv FLUX= 2.65E 1 5  N/CM**Z-SEC 

NUCLIDE THERMAL PUWERp WATTS / M E T R I C  TON ( U + PU 1 
I N I T I A L  30. D 90. D 150. D 1096. D 10958. D 

H 3 3.33E-C2 3.31t-02 3.28E-C2 3025E-02 2.816-02 6.14E-03 
& R  85 1.65E 01 1.64E 01 1062E 01 1.61E 0 1  1035E 01 2.39F 00 
RB 86 1o47E 0 1  4.82E 00 5 0 1 9 f - 0 1  5.59E-02 3016E-17 0.0 
SR 89 3.42E C3 2.29E 0 3  1003E 03 4.63f 0 2  1.55E-03 0.0 
SH 90 5.68E 01 5.67E 01 5.64E 01 5.62E 01 5027E 01 2.71E 01 

Y 90 2.57E 02 2049E 02 2.48E 02 2.47E 02 2031E 02 1 0 1 9 E  02 
Y 91 4.98E 03 3050E 03 1073E 03 8.52E 02 1023E-02 0.0 

Z R  95 1 o S l E  C4 1 o l O E  04 5079E 03 3.05E 03 1.28E-01 0.0 
NB 95M 8.04E 01 6 0 2 0 E  0 1  3.28E 01 1.73E 01 7021E-04 1.05f-15 
NR 95 1.37E 04 1 2 8 E  0 4  8075E 03 5.23E 0 3  2053E-01 0.0 
YO 99 1.39E 04 8.12E 00 2075E-Ob 9.32E-13 0.3 0.0 
T C  99H 2.29E 03 1.46E 00 4096E-07 lm68E-13 0.i) 0.0 
RU103 9.71E 03 5075E 03  L ' o O l E  03 7.03E 02 4053E-05 0.0 
RH103M 7.05E 02 4.18E 0 2  1.46E 02 5.11E 01 3029E-06 0.0 
XU106 8.09E 01 7.65E 01 6.83E 01 6o lOE 01 1 o O Z E  01 8.32E-08 
RH106 1.32E C4 1.25E 0 4  1 0 1 1 E  0 4  9094E 03 1.66E 0 3  1.36E-05 
4Gl lOM 2.78E C 1  2.56E 0 1  2.17E 01 1.84E 01 1038E 00 2.54E-12 
AG110 8.67E 02 1.50E 00 1.27E 00 1.08E 00 8.06E-02 1.48ti-13 
A G l l l  4.82E 02 3oOlE 0 1  1018E-01 4060E-04 0.0 0.0 
C 0 l l 3 M  1.67E-01 1.67E-01 1.65E-01 1.64E-01 1044E-01 3079E-02 
CU l l5M 1.78E 00 l . l O E  00 4.17E-31 1.59.E-01 3.78E-08 0.0 
SN121A 5.68E-02 5.67E-02 5.66E-02 5.65E-02 5.52E-02 4.32E-02 
SN123M 2.76E 00 2034E 00 1068E 00 1020E 00 6033E-03 0.0 
Si3124 1.47E 00 1.04E 00 5.19E-01 2.59E-01 4 0 6 9 f - 0 6  0.0 
SN125 3.70E C2 4.05E 01 4085E-01 5082E-03 0.0 0.0 
SB125 6.74E 01 6.77E 01  6051E 0 1  6024E 01 3021E 01 3.13E-02 
TE125M 5.79E 00 6 0 0 9 E  00 6.36E 00 6.38E 00 3.41E 00 3.32E-03 
SB l26  5047E 01 1.04E 01 3090E-01 3018E-02 1.846-02 1.84E-02 
58127 1.85E C3 8.81t 00 1.94E-04 4.2Sti-09 0.0 0.0 
TE127M 3.92E 01 3037E 0 1  2030E 01 1m57E 01 3083E-02 0.0 
TE127 5.41E 02 1.01E 02 6.72E 01 4059E 01 1.12E-01 9.78E-09 
TE129M 6.58E 02 3059E 0 2  1.06f 02 3.11E 01 1031E-07 0.0 
TE129 2.91E C3 4.21E 02 1.246 02 3065E 01 1.54E-07 0.0 

I 1 3 1  7035E 03 5.71E 02 3m26E 00 1.86E-02 0.3 0.0 
Kf131M 1.79E C 1  4.02E 00 2.32E-01 7016E-03 0.0 0.0 
TE132 3.42E C3 5.69E 00 1.62E-05 4.62E-11 0.0 0.0 

I 1 3 2  4.03E 04 6.89E 01  1.96E-04 5.59E-10 0.3 0.0 
3 E 1 3 3  3.52E 03 8.04E 01 3001E-02 1012E-05 0.0 0.0 
CS134 3.12E 02 3.04E 02 2.87E 02 2.72E 02 1.13k 0 2  1.26E-02 
ZS136 2020E 03 4045E 02 1082E 01 7040E-01 0.0 0.0 
CS137 1.77E 02 1.77E 0 2  1076E 02 1.75E 02 1 0 6 5 E  02 8.84E 01 
BA137M 4.01E 02 4.00E 02 3099E 02 3097E 02 3074E 02 Z o O O E  02 
6A140 8095E 03 L.74E 03 6094E 01 2.65E 00 0.0 0.0 
LA140 4.56E C4 9.98E 0 3  3087E 02 1050E 01 1050E-17 0.0 
CE141 5.51E 03 2.91E 03 8.07E 02 2 o Z ' t E  02 3063E-07 0.0  
PR143 5.73E 03 1.40E 03  6.71E 01 3.22E 00 5027E-21 G o 0  
CE144 1021E C3 1012E 03  9.68E 02 8.36E 02 8.31E 01 2.93E-09 
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4 1  REFERENCE O X I C E  LHFBK-CURE PLUS AXIAL AND RADiAL 8LANKETS 
POVIEK= 58.23 H ~ / M T I  BURNUP= 32977. MdD/HT,  F L U X =  2065E 1 5  h/CM**2-SEC 

;VUCLIDE THERMAL PdnER, dATTS / HETRlC TUN ( tJ + PU 1 
IN1 TIAL 30. D 90. o 150. u 1096. D 10958. n 

?K144 1.07E O k  9.50E 0 3  8.21E 03 7m09E 03 7.05t 02 2.48Ea08 
NDl47 3.37E 03 5.18E 0 2  1.22E 01 2.a8E-01 0.0 0.0 
PM147 1.80E 02 1e82E 02 1.75E 02 1.68E 02 8.45E 01 6068E-02 
PM1481.1 8063E 02 5.26E 02 1.95E ‘I2 7.26E 0 1  1.20E-05 0.0 
P H l 4 8  6.59E C2 4.03E 01 ? . O l E  01 3.766 00 6.23E-07 0.0 
PH149 1.79E 03 1.54E-01 ?.05E-09 7023E-18 0.0 6.0 
SM151 8.16E 00 t3.18E 00 8o17E 00 8elOE 00 7099E 00 6044E 00 
EU152 1.28E-01 1.28E-01 1.27E-01 1.25E-01 1.08E-01 2027E-02 
EU154 9.17E 00 9.14E 00  9.08E Or) 9001E 00 8.05E 00 2050E 00 
EU155 6.90E 0 1  6068E 0 1  6.28E 01 5089E 01 Z o l ’ i E  0 1  7006E-04 
EU156 1.27E 03 3.23E 02 2002E 01 1.26E 00 1031E-19 O m 0  
TB140 1.06E C2 7.96E 0 1  4.47E 01 2.51E 01 2.82E-03 0.0 
TBL61 3001E 01 1.48E 00 3057E-03 8.61E-06 0.3 0.0 
60162 1.59E C l  1.5OE 0 1  1.34E 01 l02OE 01 1099E 00 1048E-08 
TB162M 3.13E 01 2.94E 01 2064E 01 2036E 01 3.91k 00 2091E-08 
SUBTOT 2.29E 05  8.03E 04 4e34E 04 3.03E 04 3050E 03 4.46E 02 

T O T A L S  2.65E 06 8.03E 84 4.34E 04 3.03E 04 305BE 03 4046E 02 



A I  R E F E R E W F  dY1OE LdftiR-CURE PLUS A X I A L  AiVD K A D I A A  BLANKETS 
POUEKZ 58.23 M h / Y T  9 BJRNUP= 32977. M v ~ D / M T I  FLUX= 2.65t 1 5  N / C A * * Z - S E C  

LUCLIDE G A M M A  PddEK, l l A T T S  / M E T R I C  T31J t U + P J  b 
I N I T I A L  3 0 .  D 90. 13 150. D 109s. D 10958. D 

K R  85 1.32E-01 1.311-91 1.3Oi-Oi 1.2YE-01 1.33E-01 1.31E-CZ 
Ad 96 ?.70E 00 5.59E-01 t .Q2f - \32  6.4SE-03 3.67E-18 3.0 

Y 91 2.99E 01 2010E 0 1  l o o + €  01  5.11E 00 7.37t-05 0.9 
ZR 95 1 2 4 E  0 4  3.C;lE 0 3  4.75E 03 L . 5 1 E  03 loC15E-01 0.0 
N t i  95r l  9 . 0 4 E  01 3.2Ot 0 1  3.29E 31 1.73f 01 7.21E-04 1.05k-15 
L B  35 1.29E 0 4  1 0 2 1 i  04 8.27E 03 4094E 0 3  2.39E-01 0.0 
40 93 4.04E C 3  7.35E 00 7098E-07 2070E-13 0.3 0.0 
kU103 8.55E C3 5.06E 03 1.77E C3 6.19t 02 3.98E-05 000 
&ti l05  1 . 5 8 E  C 3  1.50E 0 3  1.34E C 3  1.13E 03 2.OOt 0 2  1.53E-06 

AG110 2.34E 0 1  4.04E-02 3.43E-02 Z.91E-02 i.ldE-G3 4,OlE-15 
C0115H 2.6l.E-01 1 .61€-51 6.13E-02 2.33E-02 5.5SE-C9 0.0 
St3124 1.205 CO 3.50t -01 4.25E-C1 2 . i3E-01  3.83E-06 0.C 
S i l l 2 5  3037E 0 1  3069E 00 4.42E-02 5.29E-94 0.0 0.0 
S6125 3.71E 01 3.72E 0 1  3058E 01 3 0 4 3 t  0 1  1 . 7 S E  0 1  1.72E-02 
S6120 3.17E 0: 6.C2F 00 2.26E-31 lob4E-02 1007E-02 loG7E-02 
Si3127 9.35E C 2  4.47E CO 9o82E-05 2o lbE-09 0.3 U. G 
TE127 S.12E 00 1.51E 00 1.01€ 00 6.88E-01 la55t-03 1.47E-10 
TE12YPl 7089E G 1  6.30E 01  1.27E 01 3073E 00 1*57E-0@ 0.0 
T E 1 2 3  4.36E C 2  6.33E 01  1086E 01 5.47E 00 2.30E-08 0.0 
1131 4 . 2 2 E  03  3.28E 0 2  1.@7E 00 1.07E-GZ G O D  0.0 

TE132 1.30E 03 2.16E 00 6 o l s E - 0 0  1076E-11 0.0 0.0 
I 1 3 2  3.14E 04 5.37E 0 1  Lo53E-04 4.36E-10 000 0.0 

CSi34  2.78E C2 2.70E 02 2 . 5 6 :  02 L . 4 2 E  02 i.31E 02 1.12E-02 
3 1 3 6  2.07E C3 4.18E 02 1.71E 01 6096E-01 0.0 0.0 
bA137W 1.01E 02 +.OOS 02 30Y9E 02 3.97E 02 3074E 02 Z o b O E  02 
6 A L 4 G  L . 2 1 E  0 3  8.285 02 3.22E 01 l.25E 00 0.0 0.0 
LA243 3.51E C4 7.68E 03 2.9YE 02 l . ? 6 E  01 l o l 6 E - 1 7  0.0 
CE144 3.266 02 3.03E 0 2  2.61E 02 2026t 02 2026E 0 1  7-9CE-10 
P R 1 h . L  2-56’ C2 2.28E 02 1.97E 02 1.70E 02 l o 5 3 t  01 5.95E-10 
VD147 1.45E C2 3.235 0 1  5.26E-01 1024E-02 0.3 000 
PM1480.1 7.85E 0 2  4.79E 02 1.78E OL 6oOlE 01 1013E-05 0.0 
PM148 3.C35 C2 1.85E 01 4o66E 00 1.73E 00 2.87E-07 0.0 
Eb154 7.71E 00 7.686 00 7.62E 00 7057E 00 6 . 7 7 t  00 2 0 1 0 k  00 
EUl56 9062E 32 2-46!? C 2  1.54E 01 Y.60E-01 9.93E-20 0.0 

AGllDi.1 2.67E 01  2.45F 0 1  2009E 01 1.77E 01 1032E 00 2 0 4 4 t - 1 2  

T a l 6 0  e.71E 01 6.52: 0 1  3 . 6 6 i  01 2.06E 01 2.31E-03 0.0 
SUBTOT 1.23E 3 5  3 0 9 3 E  04 1.80E 04 1.05E 04 7043E 02 2.03E 02 

T O T A L S  9.22E C 5  3.93E 04 1 .8C)E  04 1 .05E 0 4  7043E 02 2.03E 02 



0 
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A I  REFERENCE O X I D E  LMFBR-CURE PLUS A X I A L  AND RADIAL BLANKETS 

ELEMENT THERMAL PUhrERs h A T T S  / M E T R I C  TON FUEL CHARGED T O  REACTOR 
1 id I T I AL 30. D 90. D 1 5 0 0  0 1095. 0 10958. D 

H 
Z N  
G A  
SE 
A S  
SE 
BR 
K R  
26 
S 8  

Y 
Z H  
H I3 
MO 
T C  
2U 
RH 
P O  
AG 
ci) 
I N  
SN 
S B  
T E  

I 
KE 
t S  
B A  
L A  
t E  
PK 
N O  
PH 
S M  
E O  
G D  
Ti3 
D Y  
t i0 

3.33E-02 3.31E-02 3.28E-02 3025E-02 2.8lE-02 6014E-03 
7.53E-01 1o64E-05 7.83E-15 0.0 0.5 0.0 
1.59E 01  3.326-04 1058E-13 0.0 0.0 0.0 
6.93E 00 1.00E-19 0.0 0.0 0.0 0.0 
1021E 02 1.24E-06 7.83E-18 0.0 0.3 0.0 
5.85E 03 1.49E-05 1.49E-05 1.49E-05 1oh9E-05 1.49k-05 
5.62E 04  3.40E-06 1.84E-18 0.0 0.0 0.0 
8.13E C 4  1 0 6 4 k  3 1  1.62E 01  1e61E 01 1.3SE 01  2039E 00 
2.20E 05 4.82F 00 5.19E-01 5o59E-02 7.18E-09 7018E-09 
1.37E C5 2.356 0 3  1.09E 03 5.19E 02 5 0 2 7 t  0 1  2.71E Cl 
2.00E 05 3075E 03  1 0 9 8 E  03 l o l O E  C3 2.31E 02  1 0 1 9 E  02 
3.48E C 4  l . l O E  0 4  5079E 03 3 .05E 03 1023E-01 1069E-04 
1.76E 05 1028E 0 4  8.78E 03 5.256 0 3  2054E-01 2.01E-04 
1.13E 05 5 0 1 2 E  00 2075E-06 Yo32E-13 0.0 0.0 
1.69E 05 1.47E 00  1000E-02 1000E-02 1.03E-02 1.00E-02 
4.C7E C 4  5.82E 03 2.C8E 03 7.64E 02  i.02E 0 1  8.32t-OL. 
4.92E 04 1 - 2 9 ?  0 4  1.13E 04 9099E 03 l i 6 6 E  03 1036E-05 
4077E 03 2.86E-09 0.0 0.0 0.0 0.0 
6-00!? 0 3  5.72E C 1  2.31E 01  1.95E 01 1.46E 00 2069E-12 
3.02E 02 1.27E 00 5082E-01 3.22E-01 1044E-01 3o79E-02 
6.47E C2 9.70E-03 3.71E-03 1.61E-03 5.25E-09 0.0 
1039E C4 4o29E 0 1  2.23E 00 1.27E 00 6.30E-02 4041E-02 
1o64E 05  8079E 01 6.60E 01 6o27E 01 3.21E 0 1  5.07E-02 
1.26E 05 9.26E 02 3026E 02 1.35E 02 3055E OG 3.32E-03 
2.596 115 5.40E 0 2  3 0 2 6 i  00 1.86E-02 2.35E-05 2035E-05 
1.56E C5 9.646 01 2.62E-01 7.17E-03 0.3 0.0 
2.56E C5 9.25E 02 4.81E 02 4048E 02 2.76E OE 8.84€ G 1  
R 0 8 5 E  04  2.16E 03 4.676 02 4.00f 02 3 0 7 4 E  02 2 o O O E  02 
1.60E 05 9.98E 03  3037E 02 1o5Ct  01 1.50E-17 0.0 
4.96E 04 4.03E 03 1.78E 03 1.00E 03  8031E 0 1  5.93t-C9 
6.34E 04 1.09E 04 8 . 2 3 6  03 7.09E 03 7005E 02 2.+8E-C8 
1002E 04 5.19E 0 2  1022E 01 2o98E-01 0.0 0.0 
8066E 03 7049E 02 3 0 8 1 t  02 2044E 02 6 0 4 6 E  0 1  6.06E-02 
1 . 4 5 E  03 3-19E 00 8-17E 00 8.16E GO 7039E 00 0.44E 00 
4.C8E 03 3.99E 0 2  9.22E 01 6.93E 0 1  3.30E 01  2.52E CO 
3.49E 02 1.505 0 1  1.34t 01  1 .2GE 0 1  1 o Y Y t  00 1.48E-08 
1.76E 02 1 . 1 1 E  02 7.11E 01 4 0 8 7 f  01 3.91E 00 2.91E-08 
2.05E CO 5.19E-04 2.53E-09 1.23E-14 0.0 0.9 
1o62E 00 4.015-03 1.95E-08 3.47.E-14 0.0 0. G 

TOTALS 2.65E C6 3.03E 04 4034E 04 3o03E 04 3.56E 03 6.466 02 
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APPENDIX B: CONCENTRATIONS, RADIOACTIVITY, AND THERMAL POWER OF 
A C T I N I D E S  IN THE CORE, AXIAL BLANKET, AND RADIAL BLANKET 

O F  THE ATOMICS INTERNATIONAL REFERENCE OXIDE LMFBR 
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A I  REFERENCE OXIDE LIYFBR CCRE 
P O U E R =  148.15 i'lVS/MT, BURNUP- 80001. N ~ D / M T *  FLUX= 5.15E 1 5  h/CM**Z-SEC 

CONtEYTRArION HISTORY OF A C T I E U I O E S  DURINI; R E A C T O R  L I F E  

NUCLIDE CCNCENTKATIONS~ GRAM ATCMS MTRIC r m  ( u 
CHARGE 109. D 216. 0 3 2 4 .  0 432. D 

20040 0.0 3090E-02 9.36E-02 1 o73E-01 2080E-01 
812083 0.0 4.29E-17 3039E-16 1.13E-15 2oSbE-15 
922080 0.0 loO4E-12 1.66E-11 8.32E-11 2.61E-10 
822123 0.0 2.45E-14 1094E-13 6.49E-13 1.52€-12 
832123 0.0 2.33E-15 1084E-14 6.16E-14 i.45E-13 
942120 0.0 4009E-23 3024E-22 1008E-21 2.54E-21 
842160 0.0 9. 59E-2 3 7.60E-19 2 54E-18 5.36 E-18 
862200 0.0 3 0 5 8 E - 1 7  2.84E-16 90495-16 2.23E-15 
382243 0.0 2.01E-13 1.59E-12 5.33E-12 1.25E-11 
902283 0.0 3086E-11 3004E-10 1oOZE-09 2.4CE-09 
902293 0.0 2.83E-13 3.51E-12 l . b O E - 1 1  4074E-11 
302300 0.0 9030E-03 3.76E-08 8.03E-08 1.35E-07 
902310 0.0 2.5 i~-i 2 ~ . ~ Z E - L Z  z .z OE-i i 5.a3 E- 11 
902323 0.0 3044E-11 1 35E-10 2 o 9 7 f - l U  5. M E - 1 0  
902333 0.0 1.4OE-16 5069E-16 1.30E-15 2.35E-15 
912313 0.0 5.88E-11 4.61E-10 1.52E-09 3 0 5 0 i - 0 9  
912323 0.0 3069E-14 3.ClE-13 1 o03E-12 2.45E-12 
912333 0.0 1029E-13 7.07E-13 1.81E-12 3046E-12 
312341 0.0 2.55E-20 1.46E-19 3.87f-19 7.576-19 
912343 0.0 8.43E-18 4 .8 lE- i7  1.28E-16 2.53E-16 
922323 0.0 4.24E-08 1.76E-C7 4.09E-07 7.68E-07 
922333 0.0 2.77E-07 1.04E-06 2.18E-06 3.60E-06 
922343 0.0 2.37E-02 4.47E-02 6.3lE-02 7.92E-02 
922350 0.0 4071E-03 9073E-03 1.50t-02 2.356-02 
922363 0.0 8.01E-03 1.57E-CZ 2.31E-02 3.02E-02 
322373 0.0 1044E-02 1.48E-02 1.51E-02 1.54E-02 
922383 3.28E 03 3.232 0 3  3.13E 03 3.13E 0 3  3007E 03 
922393 0.0 9047E-03 9.68E-03 9.87E-03 1.0CE-02 
932360 0.0 8038E-09 1.72E-C8 2.64E-08 3.59f-08 
332373 0.0 1.58E-01 3.11E-01 4.60E-01 6.04E-01 
932383 0.0 1 o50E-04 3 0 OB€-04 4 0 73 E - 0 4  6. 43 E-04 
932390 0.0 1.3SE 00 1.39E 00 1.42E 00 1044E 00 
942360 0.0 1017E-06 2053E-06 4.G5E-06 5.73E-06 
942383 1.09E 01 1 .01E 01 9.436 00 8.77E 00 8.18E 00 
942393 5.42E 02 5.31E 0 2  5019E 02 5008E 02 4097E 02 
942430 2016E 0 2  2.17E 0 2  2.18E 02 2018E 0 2  2.18E 02 
942410 1008E 02 9054E 0 1  8.45E 0 1  7.51E 01 6.71E 01 
942423 3 0 6 2 E  01 3067E 0 1  3.71E 01 3.736 01 3073E 0 1  
942430 0.0 1.63E-03 l o l l € - 0 3  1 o79E-03 1.85E-03 
952410 0.0 1.55E 00 2.81E CO 3.83E 00 4064E 00 
952421 0.0 5.53E-03 2.06E-02 4.30E-02 7006E-02 
952420 0.0 5olOE-04 9o63E-04 1 e36E-03 1.7lE-03 
952430 0 .0  5.76E-01 1.16E 00 1.755 00 2.3uE 00 
952440 0.0 3.44E-06 7.20E-06 1.13E-05 1.55E-05 
962420 0.0 2.06E-02 6.86E-02 1 o29E-01 1.93E-01 
962430 0.0 1122E-04 8.686-04 2060E-03 5.48E-03 
962643 0.0 6.96E-03 2.79E-02 6.29E-02 1.12E-01 

+ PU) 
540. D 

4o16E-01 
5 0 14€-15 
6032E-10 
2 94E-12 
2.79E-13 
4 9 1 E-2 1 
1.15E-17 
4.29E-15 
2 4 1 E - 1 1  
4.63E-G9 
1 . 1 1 E - l G  
2. 00E-07 
5 85E-11 
7 9 1E-10 
3.71E-15 
6. 636-09 
4. 80E-12 
5. 67E -1 2 
1 30E-18 
4. 29E-16 
1 20E-06 
5 22E-06 
9. 31E-02 
2 63E-02 
3.69E-02 
1 56E-02 
3.02E C 3  
1 0  02E-02 
4.55E-08 
7 42 E -0 1 
8.16E-04 
1.47E 00 
7 54E-06 
7.65E 00 
4086E 02 
2018E 02 
6004E 01 
3073E 01 
1 91E-03 
5.27E 00 
1 02E-01 
2oOlE-03 
2192E 00 
2 01E -05 
2 55E-01 
9.55E-03 
1073E-01 

FLUX 4.786 1 5  4.976 1 5  5.156' 15 5034E 15 5052E 1 5  



369 

A I  KEFERENCE O X I D E  LPlFdR CORE 
POdEH= 148.15 MvJ/MT 9 BURNUP= 80001. NdU/HTe FLUX= 5. 15E 1 5  N/CM**Z-SEC 

NUCLIDE CONCENTHATICNSt GRAMS / f4kThlC TUN ( U + PU 
CHARCE DISCHARGE 30. D YO. 0 150. D 1096. 0 10958. D 

U234 0.0 2 o 1 3 E  01 2.29E 01 2.52E 01 2076E 0 1  0.43E 01 4007E 0 2  
UZ38 7.82E C5 7.195 05 7.19t 05 7.19E 05 7.19E. 0 5  70L9L 05 7.19E 0 5  

UP237 0.0 1.76E 02 1.80E 02 1.80E 02 1.80E 02 1.90E 02 5.55E 02 
PU23S 2.59E C3 1.82F- C 3  1.83E 03 1.64E 03 l o t 3 4 E  03 l . b4€  03 1049E 03 
PU239 1.30E 05 1.165 05  1.17E 05 1.17E 05 1.17E 05 1.17t 05 1.16E 05 
PU240 5.18E 04 5-24 !?  0 4  5024E 04 5024E 04 5.24E 04 5.24E 04 5.23E 0 4  
P U 2 4 l  2.6CE 04  1.45E C 4  1.45f 04 1.44E 0 4  1.42E 04 1.24E 04 2094E 0 3  
PU24Z 8.76E 03 9.025 03 9.02E 03 9002E 03 9oti2E 03 9 o O Z E  03 9.02E 0 3  
AM241 @ e 0  1.275 03 1 .33E 03 1.46E 03 1.59t 03 3.41E 03 1.25E 0 4  
AM242i4 0.0 2.46E 0 1  2-40': 01 204OE 0 1  2046E 01 2043E C1 2.15E 0 1  
AM243 0.0 7 . 1 C C  02 7.11E 02 7011E 02 7.11E 02 7.10E 02 7.09E 02  
CM242 0.0 6o16E 01  5.46E 0 1  4.23t 0 1  3.28E 0 1  6.45€-01 5.17E-02 
CM244 0.0 6 . 2 3 5  0 1  4.22E 01 4.19E 0: 4.17E 01 3077E 01 1.34E 01 
SUtlT3T 1.00E 06 9.15E 0 5  9015E 05 9015E 0 5  9.15E 05 9.15E 05 9.15E 05 

TOTALS 1.00E 06 9.15E.05 9.15E 05 9.15E 05 9.15E 0 5  9.15E 05 9.15E 05 

A I  REFERENCE O Y 1 3 E  LMF8R COKE 
POWER= 148.15 M W / M T I  BURNUP= 80001. kldi)/MT, FLUX= 5015E 1 5  N/CH**Z-SEC 

ELEMENT CONCENTRATlGNSr GRAMS / M E T R I C  TON FJEL CHARLE3 TO R E A C T O R  
CHARGE 3ISCH4RGE 30. 3 90. 0 15G. 0 1096. Li 10958. 0 

;I€ 0.0 1.66E 00 1.82E 00 2.10t 00 2.33E GO 4 . A l E  00 2.05E 0 1  

PB 0.0 1 . 3 2 ~ - 0 7  1.636-07 z . 4 1 ~ - 0 7  3 . 4 5 ~ - 0 7  7 .+7~-06  3 . 8 i ~ - o 4  
r L  0.0 1.07E-12 1.21 E-12 1.68E-12 2021E-12 1054E-11 4.16E-11 

a i  0.0 5.91E-11 6.69E-11 9.30E-11 1022E-10 6 o 5 0 E - L O  2.30f-09 
P O  0.0 2.4FE-15 2.87E-15 3.91E-15 5.13E-15 3.576-14 9.69E-14 
XN 0.0 9.45C-13 1.03E-12 1.C9C-12 1.95t-12 L.36E-11 3068E-11 
R A  0.0 5oLOL-09 6.23E-09 8.5012-09 1.12E-08 7.77E-08 2.11E-37 
r H  0.0 4073E-05 5.256-05 6.40E-05 7.65E-05 4.19E-04 1.85E-02 
P A  0.0 1.53E-06 1.55E-06 1.55E-00 io54E-06  i . 55 t -06  1.56E-06 

U 7.826 C 5  7.19E 05 7019E 05 7019E 0 5  7.195 05 7.19E 05 7019E 0 5  
Y P  0.0 5.26E 02 1080E 02 1o80E 02 1.83f 02 1.90E 02 5055E 02  
PU 2.19E C5 1.94E 05 1.94E 05 1.94E 05 1.34E 0 5  1.92E 05 1.82E 05 
AH 0.0 2.01t 0 3  2.07E 03 2.2CE 03 2.3ZE 03 4015E 03 1.32E 04 
t i Y  0.0 1 * 0 6 E  02  9.91E 01 8066t 01 7.66k 01 4.06E 01 1.47E 31 

TOTALS l r O O E  G6 9.155 0 5  9.15E 05 9.15E 05 9015E 05 9.15E 65 9.15E 0 5  
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4 1  REFERENCE O X I D E  LMFBR CORE 
POirlERz 148.15 W / M T ,  BURNUP= 80031. HLID/HT, FLUX= 5015E 1 5  N/CM**L-SEC 

YUCLIDE K A O I O A C T I V I T Y I  CURIES / M E T R I C  TON A U + PU i 
CHARGE 01 SCHARGE 30, 0 90. 0 150. 0 1096. D 10958. 0 

U234 0.0 1.35E-01 1.42E-01 1.56E-01 1.71E-01 3.98E-01 2.52E 00 
U237 0.0  3.02E 0 5  1039E 04 2092E 01  6017E-02 0.0 0.0 
U238 2.60E-01 2039E-01 2.39E-01 2.39E-01 2.39E-01 2.39E-01 2.39E-01 

NP237 0.0 1.24E-01 1e27E-01 1.27E-01 1.27E-01 1.34€-01 3092E-01 
N P Z ~ ~  0 . 0  5.07E 04 2.54E 00 6.38E-09 1.60E-17 0.0 0.0 
YP239 0.0 8.15E 0 7  1.19E 04 1.37E 02 1.37E 02 1.37E 02 1.36E 02 
PU236 0.0 9.46E-01 9.31E-01 8.94E-01 8.59E-01 4.58E-01 6.44E-04 
PU238 4.38E 04 3.07E 0 4  3.08E 04 3.10E 0 4  3011E 04 3.10E 04 2.52E 04 
PU239 7094E 03 7 . 1 2 i  03  7.15E 03 7.15E 03  7.15E 03 7015E 03 7014E 0 3  
PU240 1 0 1 4 E  04 1.16E 0 4  1.16E 04 l o l 6 E  0 4  1016E 04 1.15E 04 1.15E 04 
PU24l 2.97E 06 1.66E 06  1.65E 06 1064E 06 1.62€ 06 1.4ZE 06 3035E 05 
PU242 3.42E 01 3.52E 0 1  3.52E 01 3.52E 01 3.52E 01 3.52E 01 3e52E 01 
AN241 0.0 4.12E 03 4.32E 03 4.73E 03 5.14E 03  1 o l l E  04 4.05E 04 
AM242H 0.0 2.39E 0 2  2.39E 02 2.39E 0 2  2039E 02 2036E 02 2.09E 02 
At4242 0.0 3093E 05 2.39E 02 2039E 02 2.39E 02 2.36E 02 2.09E 02 
AM243 0.0 1.37E 02 1.37E 02 1.37E 02 1.37E 02 1.37E 02 1.36E 02 
CH242 0.0 2 0 0 4 E  05  1.81E 05 1.40E 05 1.09E 05 2.13E 03 1 0 7 1 E  02 
CM243 0.0 l e 0 7 E  02 1.07E 02 1.06E 02 loO6E 02 1.00E 02 5057E 01 
CH244 0.0 3043E 0 3  3.42E 03 3.40E 03 3038E 03 3.06E 03 1.09E 03 
SUBTOT 3.03E 06 9.42E 0 7  1.92E 06 1.84E 06 1.79E 0 6  1048E 06 4.22E 0 5  

TOTALS 3.03E C6 1.67E 08 1.92E 06 1.84E 06 1.73E 06 1.48E 06 4022E 05 

4 1  REFEREeCE OXIDE LMFBR CORE 
POWER= 148.15 Hd/MTg BURNUP= 80031. HrlD/HT, FLUX= 5.15E 1 5  N/CM**2-SEC 

YUCLIDE THERMAL POWER, WATTS / M t T R I C  TUN U + PU 1 
CHARGE DISCHARGE 30. D 90. 0 150. LJ 1096. D 10958. 0 

U237 0.0 6048E 02 2.98f. 01 6028E-02 1.326-04 0.0 0.0 
YP239 0.0 2.42E 0 5  3053E 01 +.OSE-Ol 4005E-01 4*05E-01 4004E-01 
PU233 1.45E 03 1 0 0 2 f  03 1002E 03 1.03E 03 1003E 03 1.03E 03 8.34E 02 
PU239 2.47E 02 2021E 0 2  2022E 02 2022E 02 2022E 02 2022E 02 2022E 02 
PU240 3.56E 02 3.60E 02 3060E 02 3.OOE 02 3.60E 02 3.60E 02 3059E 02 
PU241 1.23E 02 6.89E 0 1  6086E 01 6080E 01 6074E 01 5087E 01 1039E 0 1  
PU242 1.01E 00 1oC4E 00 1.04E 00 loO4E 00 1.04E 00 1.04E 00 l.O+E 00 
AM241 0 . 0  1.37E 02 1 0 4 4 E  32 1.58E 02 1.71f 02 3.09E C2 1.35E 03 
AM243 0.0 4.40E-01 4.4r)E-Jl 4.40E-01 4.4OE-01 4.40€-01 4039E-01 
CM242 0.0 7.51E 02 6065E 02 So16E 02 4.00E 02 7.66E 00 6.30E-01 
CM243 0.0 3.9Ok-01 3.89E-01 3.88E-01 3.866-01 3.65E-01 2.C.4E-01 
CM244 0.0 1020E 01 1020E 01 1.19E 01 1.18E 01 1.07E 01 3080E 00 
SUBTdT 2018E 03 2045E 05  2.56E 03 2.36E 03 2027E 03 2.06E 03 2.79E 03 

TOTALS 2.18E 03 4.41E 05  2.56E 03 2.36E 03 2.27E 03 2.06E 03 2.79E 03 
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A I  REFERENCE OXIDE LMFBR CORE 
POWER= 148.15 Hkl/HT, BURNUP= 80031. MLID/MTr FLUX= 5.15E 1 5  N/CM**2-SEC 

UUCLIOE GAMMA POWER, WATTS / # E T H I C  TO14 ( U + PU J 
CHARGE DISCHARGE 300 D 90. D 150. 0 1096. D.10958. D 

MP239 0.0 1.57E 05 2.30E 01 2o63E-01 2.63E-01 2.63E-01 2063E-01 
AM243 0.0 3.96€-01 3.96E-01 3.96E-01 3096E-01 3096E-01 3095E-01 
CM242 0.0 5 0 2 6 E  02 4.66E 02 3.61E 02 2.80E 02 5.50E 00 4041E-01 
CM244 0.0 2040E 00 2.39E 00 2o38E 00 2.35E 00 2 o l 4 E  00 7060E-01 
SUBTOT 0.0 1 0 5 8 E  05 5.13E 02 3.64E 02 2.83E 0 2  8.30E 00 1.86E 00 

U237 000 4060E 02 2.11E 01 4o46E-02 9.406-05 000 0.0 

TOTALS 0.0 1.58E 05 5013E 02 3064E 02 2083E 02 8.35E 00 1089E 00 

A X  REFERENCE O X I D E  LMFBR CORE 
POWER- 148.15 MW/MTp BUKNUP= 80001. MWD/MT, FLUX= 5.15E 1 5  N/CM**Z-SEC 

ELEMENT THERMAL POWER, W A T T S  / M E T R I C  TUN FUEL CHARGED TO REACTOR 
CHARGE D I S C H A R G E  30. D 9G. D 150. 0 1096. D 10958. D 

r L  0.0 6.09E-06 60936-06 9.596-06 1026E-05 8.77E-05 2o38E-04 
P 8  0.0 1.53E-06 1074E-06 2.4lE-06 3017E-06 2o21E-05 5.98E-05 
3 1  0.0 1.39E-05 1.57E-05 2.19E-05 2o87E-05 2.00E-04 5 0 4 2 f - 0 4  
PO 0.0 6.47E-05 7.41E-05 1.02E-04 1.34E-04 9.31E-04 2o52E-03 
RN @.0 3.28E-05 3.79E-05 5.16E-05 6.78E-05 4.72E-04 1.ZBE-03 
R A  0.0 2.97€-05 3.42E-05 4067E-05 6012E-05 4.27E-04 1016E-03 
TH 0.0 3.84t-05 3.37E-05 4.58E-05 5.98E-05 4.08E-04 1.1 1E-03 
P A  0.0 1065E-06 3044E-08 9.296-09 3. 796-09 2 .25E-09  2.27E-09 

U h059E-03 1o94E 05 2.98E 01 7.36E-02 1.14E-CZ 1 0 8 4 f - 0 2  8.00E-02 
UP 0.0 2.42E 05 3053E 01 4.05E-01 4.05E-01 4.05E-01 4.04E-01 
P U  Zo18E 03 3038E 03 1.67E 03 1068E 03 l o 6 8 E  03 1.67E 03 1043E 03 
AH 0.0 6052E 02 1045E 02 1o58E 02 1 0 7 2 f  02 3.69E 02 1.35E 03  
C M  0.0 7.63E 02 6.78E 02 5.28E 02 G o 1 2 E  0 2  1.89E 01 4.63E 00 

TOTALS 2.18E 03 4.41E 05  2056E 03  2.366 03 2027E 03 2o06E 03 2079E 03 
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P I  REFERENCE OXIDE LHFBR AXIAL BLANKET 
POYER= 4063  HW/HTt BURNUP= 25300 MYO/)ITt  FLUX= 9071E 14 N/CM**Z-SEC 

CONCENTRAT ION HISTORY OF ACTINIDES DURING REACTOR L I F E  

NUCLIDE CGNCENTRATIONSt GRAM AT( 
CHARGE 108. 0 216. D 

20040 0.0  3o21E-05 1o38E-04 
812080 000 8o71E-20 1049E-18 
822380 000 1o71E-15 5.62E-14 
822120 0.0 4.98 E - 1  7 8 55E- 16 
832120 0 . 0  4073E-18 8012E-17 
842123 000 8o33E-26 1043E-24 
842160 0.0 1.95E-22 3035E-21 
862200 0.0 7o2SE-20 F o25E-18 
882240 000 4o09E-16 7o02E-15 
902280 000 7o84E-14 1o35E-12 
902293 0.0 1.6 1 E - 1  3 60 84E-13 
902303 000 3o40E-11 1046E-10 
902310 000 5.02E-13 5 06E-13 
902320 000 9o29E-11 3098E-10 
902330 000 5.10E-17 2 866-16 
912310 000 3o51E-11 6.996-11 
912323 000 2.986-1 5 7 o79E-15 
912330 0.0 4072E-14 3050E-13 
912341 0.0 1 0  26E-2 1 1 23E-20 
912340 000 4o17E-19 4.06E-18 
922323 000 lo12E-10 1o05E-C9 
922330 000 2o56E-07 5o83E-07 
922343 000 8.21E-05 1089E-04 
922359 l o 2 2 E  01 1022E 0 1  1021E 01 
922363 000 2.17E-02 4o97E-02 
922370 0.0 2.5 5E-03 3 346-03 
922383 4o19E 03 4.18E 0 3  4017E 03 
922390 000 1o65E-03 2016E-03 
932360 000 2.03E-10 6010E-10 
332373 000 2082E-02 6 047E-02 
932383 0 . 0  3o64E-06 1 10E-05 
932390  000 2 o 3 9 E - 0 1  3 0 1 1 E - 0 1  
942363 000 4059E-09 2 39E-08 
942380 000 7032E-05 3.87E-04 
942390 0 0 0  7.54E 00 1072E 0 1  
942400 0.0 9044E-03 4099E-02 
942410 0.0 9o75E-05 1018E-04 
942420 0.0 5.37~-09 i 0 5 i ~ - a 7  

952410 000 3 . 8 5 ~ - 0 8  8.326-07 
942433 000 3023E-14 1 19E-12 

952421 000 7o44E-12 3o80E-10 
952420 000 1.71E-12 40  85E-11 
952430 000 2o36E-12 1 52E-10 
952440 000 1o88E-18 1.60E-16 
962423 0 0 0  2o93E-11 1 o42E-09 
962433 000 1 13E- 14 1 3 1E-12 
962643 0.0 1.30E-15 1096E-13 

IHS / METRIC TON 1 U 
3240  0 4320 0 

3035E-04 6036E-04 
8 4 1 E-18 20 92 E- 1 7  
4.666-13 2013E-12 
4o81E-15 1o67E-14 
40576-16 1o58E-15 
8004E-24 2079E-23 
l o 8 8 E - 2 0  6053E-20 
7003E-18 2o44E-17 
3095E-14 1o37E-13 
7 5 7 E-1 2 2 63 E-1  1 
1064E-12 3o09E-12 
3 5 4E-10 60 70 E - 1 0  
5.17E-13 5.37E-13 
9064E-10 1o82E-09 
8o22E-16 lo75E-15 
1 0 5 E -1 0 1 40 E- 10 
1o39E-14 2o1)BE-14 
1012E-12 2054E-12 
Q.68E-20 10196-19 
1055E-17 3.926-17 
4.12E-09 1 0  11 E-08 
9e58E-07 1.376-06 
3016E-04 4o58E-GB 
1o21E 01  1.21E 01 
8 02 7E-02 1 19E-01 
3 9 6E-03 G 65 E-03 
4016E 03  4014E 03  
2056E-03 2o86E-03 
1 2 1E-09 1 0  966-09 
1008E-01  105bE-01 
2 17E-05 3.51 E-05 
3 0 6 8 E - 0 1  4 o l Z E - 0 1  
6 5 1 E-08 1 34E-0 7 
1007E-33 2024E-03 
2.65E 01 4o08E 01 
1038E-01  2088E-01 
5043E-04 1063E-03 
1 1 6 E-06 5 08 E-06 
1 0 O Y E - 1 1  5034E- 11 
5o47E-06 2.14E-05 
4.2 5E-09 2043 E-08 
3 79E-10 1 56E-09 
i o96E-09 1 0  25E-08 
2046E-15 lo76E-14  
1 50E-08 80 18E-08 
2 3 8E-11 1 89E-10 
4 2 5E-12 3.92 E-1  1 

+ PUJ 
5400  0 

1 05E-03 
7 6 BE-1 7 
7 0 OOE-12 
40 39E-14 
4 .17~-15  
7 0  34E-23 
10726-19 
6 42E-17 
30 61E-13 
6092E-11 
5 . 1 4 ~ - 1 2  
1 0  11E-09 
5o67E-13 
3 0 00E-09 
3 0  13E-15 
1 0  77E-10 
20 86E-14 
40 72E-12 
2040E-19 
7 93E-17 
2 .  39E-08 
1 0  79E-06 
6 13E-04 
1020E 01 
1 5 8E-G1 
4 86E-03 
4o12E 03 
3 0  1 OE-03 
2 0 83E-09 
2 . 0 7 ~ - 0 1  
5 08E-05 
4046E-01 
2 0 3 3 ~ - 0 7  
3 97E-03 
5o38E 01 
5 08E-01 
3 8 1E-03 
1 60E-05 
1 0  83E-10 
6o20E-05 
9 0 4 3 E -08 
5 0 25E-09 
5 2 8E-08 
8 1OE-14 
3 03E-07 
9 42E-10 
2 0 22E-10 

FLU< 6046E 1 4  8046E 1 4  1o00E 1 5  1.13E 15 1.23E 1 5  
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A I  REFERENCE OXIDE LMFBR A X I A L  BLANKET 
POrlER= 4.63 HU/MT, BURNUP= 2530. MWD/blT, FLUX= 9.71E 1'4 N/CH**2-SEC 

YUCLIOE CGNCENTRATIONS, GRAlYS / M E T R I C  TON 4 J + PU 1 
CHARGE DISCHARGE 30. D 90. 0 150. D 1096. 0 

U235 2.87E 03 2.82E 03 2082E 03 2.82E 03 2.83E 03 2.83E 03 
U236 0.0 3073E 0 1  3073E 01 3073E 01 3.736 01 3073E 01 
U236 9097E 05 9.82E 0 5  9.81E 05 9.81E 05 9e81E 0 5  9 0 i ) l E  C5 

YP237 0.0 4.91E 01 5.02E 01 5.02E 01  5e32E 01 5.02E 01 
PU239 0.0 1.29E 04 1.30E 04 1.30E 04 1.30E 04 1030E 04 
PU243 0.0 1022E 02  1022e 02 1022E 0 2  1022E 02 1022E 02 
SUbTJT 1.00E 06 9097E 05 9.976 05 9097E 05 9097E 05 9097E 05 

10958. D 
2.84E 03 
3.77E 01 
9.81E C 5  
5.02E 0 1  
1.29E 04 
1022E 02 
9097E 05 

TOTALS 1000E 06 9097E 05 9097E 05 9097E 05 9037E 05 9097E 05 9097E 05 

A I  REFERENCE O X I D E  LMFBR AYIAL BLANKET 
POLIER- 4.63 M i J / I Y T p  BUKNUP= 2506. rlnD/MJc FLUX- 9.71E 1 4  N/CM**Z-SEC 

ELEMENT CONCENlKATIOi4SI GKAHS / M E r K l C  TUN FdEL  CHARGED T O  R E A C T O K  
CHARGE 01 S C t i P K G E  30. 0 YO. 0 150. U 1096. D 10958. D 

i i E  0.0 4.21t-03 4.74E-03 5.8lE-03 6.83E-03 '2.37E-02 1.99E-01 
TL 0.0 1 .6OE-14  1.94E-14 2.98E-14 iro26t;-14 4.17E-13 1.23E-12 
P B  0.0 1.46:-09 1.94E-09 3.25E-OY 5.14E-09 l o 8 8 E - 0 7  l o l l f - 0 5  
ax . 0.0 8.84L-13 1.07E-12 1.656-12 2.36t-12 2.31E-11 6.YOE-11 
2 0  0.0 3.72E-17 4.53E-17 6.93E-i7 5.92E-17 9.70E-16 2.86t-15 
3N 0.0 1.41F-14 1.72E-?+ 2. 53E-14 3. 77E-14 3.69f-13 1.09E-12 
R A  0.0 6mO8E-11 9.84E-11 1.51E-10 2.16E-10 2.11E-09 6021E-09 
TH 0.0 9 . 6 7 ~ - 0 7  ~ . O Y E - O ~  1 . 3 4 ~ - 0 6  i . j 0 ~ - ~ . 6  5 .a4~-06  5.46f-05 
P A  0.0 4 . 2 0 ~ - 0 8  4.36~-08 4 . 7 7 ~ - o a  5 . 2 i f - 0 8  L . Z Z E - O ~  a .55~-07  

U 1.00E 06 9.84C 0 5  3084E 05 9084E 05  9084E 05 9084E 05 9.8iit 05 
VP 0.0 1.56E 02 5 m 0 2 E  01 5.02C 0 1  5 o O Z E  G 1  5.02E 61 5.02E 0 1  
PU 0.0 1030E 04 1.31E. 04 1.31E 0 4  1 . 3 i f  6 4  1.31E 04 1.3l.E 04 
A M  0.0 1.5Ot-02 1.90E-02 2.70E-02 3oG9t-OS lo50E-01 7.27E-01 
t H  0.0 7.36L-C:5 63.57E-05 5. LO€-05 3oP6t-05 Lo02E-06 1.85E-07 

T O T A L S  1.00E 06 3 . 9 7 5  05 9097E 05 9.97E 0 5  Y.97E 05 9.97E 05 9097E 0 5  
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A I  REFERENCE OXIDE LHFBR AXIAL BLANKET 
POdER= 4.63 MW/MTt BURNUP= 2533. M~JD/HTI FLUX= 9.71E 1 4  N/CM**2-SEC 

MUCLIDE R A D I O A C T I V I T Y I  CURIES / M E T R I C  TON t U + PU 
CHARGE 01 SCHARGE 300 0 900 0 1500 0 10960  D 10958. 0 

U236 0.0 2037E-03 2.37E-03 2.37E-03 2.376-03 2037E-03 2039E-03 
U237 0.0 9o38E 0 4  4031E 03 9.08E 00 1.92E-02 0.0 000 
U238 3032E-01 3.27E-01 3o27E-01 3o27E-01 3.27E-01 3o27E-01 3027E-01 

MP237 000 3o46E-02 3.54E-02 3.54E-02 3.54E-02 30  54E-02 3054E-02 
MP238 000 3o16E 03 lo58E-01 3.976-10 G o 3  0.0 0 00 
YP239 0.0 2o48E 07 3058E 03 2o48E-06 2o48E-06 2048E-06 2047E-06 
PU236 000 2092E-02 2o88E-02 2077E-02 2066E-02 1o42E-02 1099E-05 
PU238 0.0 1.59E 0 1  1.61E 01 1 0 6 1 E  01 l o b i €  01 1o58E 01 1.28E 01 
PU233 0.0 7 0 8 8 E  02 7o95E 02 7095E 02 7.95E 02 7095E 02 7094E 02 
PU240 000 2069E 01 2.69E 01 20696 01 2o69E 01 2069E 01 2068E 01 
PU241 000 1a05E 0 2  1.04E 02 1.03E 0 2  1.036 02 8o93E 01 2012E 0 1  
AM241 000 4084E-02 6o l4E-J2  8o72E-02 1.136-01 4087E-01 2035E 00 
ZM242 000 2o43E-01 2ol7E-01 1068E-01 1.30E-01 2051E-03 1059E-04 
SUBT3T 3032E-01 2o49E 07  8o83E 03 9 o 5 l E  0 2  9 o 4 l E  0 2  9028E 02 8o58E 02 

TOTALS 3032E-01 4o97E 0 7  8083E 03 9o51E 02 9o41E 02 9.28E 02 8.58E 02 

A I  REFERENCE OXIDE LMFBR A X I A L  BLANKET 
POWER= 4063 HW/HTt BURNUP= 25300 HWD/#Tp FLUX= 9071E 14  N/CH**2-SEC 

NUCLIDE THERMAL POWER9 WATTS / HETRiC TON ( J 4 PU I 
CHARGE DISCHARGE 300 0 900 0 1500  D 10960  D 10958. D 

U237 0.0 2oOlE 0 2  9m24E 00 1.95E-02 4011E-05 O m 0  0.0 
NP239 000 7035E 04 1o06E 01 7.34E-09 7m36E-09 7034E-09 7032E-09 
PU238 000 5o28E-01 5.34E-01 5.34E-01 5o33E-01 5022E-01 4023E-01 
PU239 000 2.45E 01 2o47E 01 2047E 01  2047E 0 1  2047E 01 2047E 01 
PU24O 000 8o38E-01 8o38E-01 8038E-01 8038E-01 8.37E-01 8m35E-01 
SUBTOT 000 7o37E 0 4  4o59E 01 2 e 6 l E  01  2061E 01  2061E 01 2m59E 0 1  

TOTALS 8o4 lE-03 1.33E 0 5  4060E 01 2061E 01 2.61E 01 2061E 01 2060E 0 1  
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A I  REFERENCE O X I D E  LMFBR AXIAL BLANKET 
POWER= 4.63 HW/MTt BURNUP= 2530. MYD/HT* FLUX= 9.71E 1 4  N/CM**2-SEC 

NUCLIDE GAMMA POdERv L lATTS / M E T R I C  TON ( U + PU ) 
CHARGE DISCHARGE 30. 0 90. D 150. 0 1096. 0 10958. D 

U237 0.0 1.43E 02 6.5.6E 00 1.38E-02 2m92E-05 0.0 0 00 
UP239 0.0 4.78E 04 6m90E 00 +.77E-09 4.77E-09 4.77E-09 4.76E-09 
SUBTOT O m 0  4079E 04 1.3SE 01 1.386-02 2.326-05 4.77E-09 4.76E-09 

T O T A L S  0.0 6.79E 04 1.35E 01 1.43E-02 3.65E-04 9.04E-06 7.88E-06 

A I  REFERENCE O X I D E  LMFBR AXIAL BLANKET 
POWER= 4.63 MVI/MTp BURNUP= 2550. MrJD/MT* FLUX= 9.71E 14 h/CM**2-SEC 

ELEMENT THERMAL POWER9 WATTS / NETHIC TON FUEL CHARGtD T O  REACTOR 
CHARGE D I  SCHARGE 30. 0 90. D 150. 0 1096. D 10958. 0 

TL 0. 0 9.12E-08 1olOE-07 1.70E-07 2.43E-07 2.38E-06 7mOlE-06 
PB 0.0 2.29F-08 2.78k-08 4.28E-08 6o lLE-08  5.99E-07 1.76E-06 
81 0.0 2eC8E-07 2.52E-07 3.88E-07 5.55E-07 5043E-06 1.60E-05 
PO 0.0 9.68E-07 1.18E-06 1.81E-06 2.58t-06 2.53E-05 7.45f-05 
RN 0.0 4m91E-07 5.97E-07 9015E-07 1031E-06 1.28E-05 3.77E-05 
R A  0.0 4.44E-07 5.4OE-07 80276-07 10 18k-06 1. 16E-05 3.4lE-05 
TH 0.0 5.86E-07 6.21E-07 9.01E-07 1.256-06 1. LlE-05 3.27E-05 
PP 0.0 6071E-08 2.68E-08 5.93E-09 1.36E-09 1.78E-10 1o24E-09 

U 8.41E-03 5.90E 04 9.25E 00 2m79E-02 8.4lE-03 8m39E-03 8e43E-03 
NP 0.0 7.35E 04  1.06E 0 1  7.34E-09 7.34E-09 7m34E-09 7o32E-09 
PU 0.0 2m59E 01 2.61E 0 1  2.61E 0 1  2.6lE 0 1  2.61E 01 2.59E 0 1  
A M  0.0 1 75€-03 2m05E-03 2.91E-03 3.77E-03 1.63E-02 7.86E-02 
CH 0.0 8.94F-04 7m98E-04 6.18E-04 4e73E-04 9028E-06 6.09E-07 

TOTALS 8.4lE-03 1.33E 05 4.60E 01 2061E 0 1  2.61E 0 1  2m61E 01 2.60E OI 
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A I  REFERENCE O X I D E  LMFbK RADIAL aLAlvKET 
POHER= 8.35 M i / # T *  EUKNUP; 8130. MWO/MT, FLUX= 1.35E 1 5  N/CM**Z-SEC 

C U r b C E N T K A T I d N  HISTOKY OF A C T I t . t I C E S  D U R I N G  RtiACTOR LIFE. 

NUCLIDE C C N C E N T K A T I O N S ,  GRAM ATGMS / HtlRIC TJhl u 
CHARGE 134. i) 388. C 582. o 776. D 

20040 0.0 1.17E-04 5.36E-C4 1037E-03 Zo69E-03 
o i 2 o a o  0.0 1. 11 E - 1  3 2 07E- 17 1 2 5 E-16  4. 5 1 t- 16 
822083 0.0 3094E-14 1.35E-12 1 e Z l E - 1 1  5.78k-11 
822120 0.0 6.37E-16 l o l 8 t - 1 4  7.ltlE-14 2oSEE-13 
832123 0.0 6oG5E-17 1 12E-15 6 8 1E-15 2.43E-14 
842123 9.0 1.06E-24 1e98E-23 1020E-22 4.3lE-22 
842160 3.0 2 . 4 9 ~ - z i  4 . 6 3 ~ - ~ ~  2 . 6 1 ~ - 1 9  i . o i k - i a  
862200 0.0 9031E-13 1 73E-17 1 G 5E-16 3.77E-16 
982240 0.0 5.23E-15 9.71E-14 5.89€-:3 2012E-12 
302280 0.0 1000E-12 1.86E-11 1.13E-10 4006E-10 
902290 0.0 4005E-13 1083E-12 4086E-12 1.0YE-11 
902300 0.0 8.63E-11 3.94E-lC 1.00E-09 1.97E-09 
902310 0.0 3.52E-13 3071E-13 4.Zlk-13 5013E-13 
902320 0.0 2.37E-10 ?.OaE-C9 2071E-09 5. i4k-09 
902330 0.0 1.47E-15 1 oG7E-15 3033E-15 7.26E-15 
312310 0.0 4038E-11 8 * 7 5 € - l l  1.34E-10 1.88E-10 
912323 0.3 4021E-15 1.34E-14 2.55E-14 4034E-14 
9123333 0.0 1.775-13 1052E-12 5.076-12 lo15E-11 
912341 0.0 5.35E-2 1 7.35E-20 3 .0+E-19 7.76E-19 
912340 0.0 1.77E-19 2043E-17 1.00E-16 2.56€-16 
922320 0.0 8009E-10 8.79E-C9 3.76E-08 1.05E-07 
922330 0.0 3.58E-07 8.99E-07 1 o52E-06 2.15E-06 
922343 0.0 1.16E-C4 3.02E-04 5.35E-04 d.  i l k - 0 4  

922360 0.0 3.07E-02 7.87E-02 i .36E-01 1.99E-01 
922353 8 . 5 1 ~  00 9 . 4 a ~  c o  5 . 4 2 ~  00 8 . 3 6 ~  00 8 . 2 8 ~  00 

922370 0.0 2-83E-03 4.60E-03 5 0 6 8 f - 0 3  6.39E-03 
922383 4.20E 03 +.19E 0 3  4015E 03 6.12k 0 3  4006E 0 5  
922393 0.0 1.87E-03 2.97E-03 3.04E-03 +.07E-03 
932363 0.0 4064E-10 1.91E-C9 4009E-09 6. 75 t -09  
932370 0.0 5.71E-02 1.47E-01 2.546-01 3.72E-01 
932380 0.0 8.34E-05 3. 42E-05 7 3 5E-05 1 2:E-04 
932390 0.0 2.63E-31 4.28E-01 5024E-01 5.BbE-01 
942353 0.0 1.85'2-08 1 19E-07 3 5 LE-07 7.356-07 
942380 0.0 3000E-04 1.99E-03 b.Clk-G3 i.29E-02 
342390 0.0 1.52E 01  3086E 01 6.58E 01 9044E 01 
942600 0.0 3037E-02 2.55E-Cl 7.70E-01 1065E 00 
942413 3.0 8.05E-05 1.36E-03 7.09E-03 Z.21E-02 
962420 0.0 9004E-03 3099E-06 3,696-05 1.73E-04 
942430 0.3 6.14E-13 4034E-11 4096E-10 2062E-09 
952410 0.0 5.72E-07 1059E-05 1.20E-04 4.98E-04 
952421 0.0 2024E-10 1.67E-C8 2.25E-07 1.39E-06 
952420 0.0 2.83E-11 1.28E-09 1.19E-08 5.59E-08 
952430 0.0 8.00E-11 3.23E-09 1.51E-07 1006E-06 
952440 0.0 7030E-17 1 m35E-14 20726-13 2.15E-12 
962420 0.0 A. 39 E - 1  0 5 77E-C8 7 1 5 E-0 7 40 08 E-06 
962433 0.0 6062E-13 lo25E-10 2.78E-09 2.3bE-08 
962440 0.9 9oOAE-14 2.72E-11 7oB6E-10 8.19E-09 

+ PU) 
970. 0 

4.53E-03 
1 o2OE-15 
1.94E-10 
6.86E -1 3 
6. 51E-14 
1.15E-21 
2.68E-18 
1 00E-15 
5 63E-12 
1 08E-09 
2032E-11 
3.35E-09 
6.546-13 
8. 71E-09 
1 3 1E-14 
2 55E-10 
5 90E-14 
2. 1 1 E - 1 1  
1 55E-18 
5 10E-16 
2 29E-07 
2 77E-06 
1 13E-03 
8.20E 00 
2 6 3E-0 1 
6. 89E-03 
4.04E 03 
G 3 6E-0 3 
9 0 72E-09 
4 95E-01 
1 756-04 
6028E-01 
1 27E-06 
2 30E-02 
1.23E 02 
2.926 00 
5 0 2 O E - 0 2  
5.55E-04 
9011E-09 
1 o47E-03 
5 0 52E-06 
1 79E-07 
4.6 3E-06 
1 02E-11 
1 5 lE-05 
1 20E-07 
4.856-08 

FLUY 7030E 14 1017E 1 5  l o 4 4 E  15 L.53E 15 1.76E 1 5  
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A I  REFERENCE O X I D E  LMFBG RADIAL bLAIJKET 
POHER- 8.35 MW/NTI BURNUP= 8100. MNDIMT, FLUX= 1 . 3 5 ~  i s  N/CM**Z-SEC 

VUCLIOE CGNCENTRATIONSr GKAMS / M E T k l C  TON ( J + PU 
CHARGE DISCHARGE 30. D 90. D 150. 0 1096. D 10958. D 

U235 20COE 03 1.93E 03 1.93E 03 1 0 9 3 t  0 3  1.93E 03 1.93t: 03 1.95E 0 3  
U236 0.0 6.21E 0 1  6.21E 01 b o Z L E  0 1  6.22E 01 6023E 01 6043E 0 1  
U236 1.00E 06 3.61E 0 5  9.61E 05 9061E 0 5  9.blE 0 5  FobLC 05 9.61E 05  

YP237 0.0 1.17E 02 1.19E 02 1 0 1 9 E  02 1019E 02 1.19E 02 1019E 02 
PU239 0.0 5.48E 00 5.52E 00 5.52k 00 5051E 00 5.40E 00 't038E 00 
PU239 0.0 2.94E 04 2.96E 04 2.Y6E 04 2.96E 04 L.96k 04 2.95E 0 4  
PU240 0.0 7.02E 02 7.02E 02 7 o O Z E  02 7.02E 02 7.01E 02 6099E 02 
PJ241 0.0 1.25E 01 1.25E 0 1  l o 2 4 t  01 1.23E 0 1  1.07E 01  2.53E 00 
SUdTJT 1.00E 06 9 0 9 3 t  05 9094E 05 90Y4 f  0 5  9094E 0 5  9094E 05 9094E 0 5  

TOTALS L o O O E  Ob 9.94E OS 9094E 05 Y094E 0 5  9094E 0 5  Si094E 05 9094E 0 5  

A I  REFERENCE O X I D E  LMFBX K4DIAL ijLANKET 
Pi)lER= 8.35 Md/HT, t3URN3P= 31300 M ~ U / M T I  FLdX= 1.35E 1 5  N/CM**Z-SEC 

ELEHENT CONC.ElriTfiATIONS, GRA#S / M E T K l C  TON FJEL CHARGED T O  REACTUil 

t i  E 0.0 1 . R l E - 0 2  1.95E-02 Z.ZlE-.OZ 2.47E-02 6.626-02 5.00E-01 
TL 0.0 2.49t -13 2075E-13 3060E-13 4054E-13 2.72E-12 7.15E-12 
PU 0.0 4.05E-08 4.76E-08 6o47E-08 8.63Ei-08 1.38E-Ob 6.57E-05 

CH4RGE DISCHARGE 30. 0 30. 0 150. D 1096. i) 10958. 0 

B I  0.0 1.38C-11 1.52E-i l  1.99E-11 2.51E-11 i.51t.-10 3.96E-10 
PO 0.3 5080E-16 6.43E-16 8.38E-16 1.ObE-15 6.34E-15 1.6bE-14 
R N 0.0 2 0 2 0 L - 1 3  2.47i-13 3.1%-13 4.31E-13 L.41E-12 6.32E-12 
R A  c o o  1.26E-C9 1.41E-09 l..t)2f-09 2.296-09 1.38E-08 3.62E-08 
TH 0.0 3.04E-Ob 3.29E-06 3.78E-06 4.296-06 1.35E-05 1.35E-04 
PA 0.0 6.37t-08 6027E-08 5. 39E-08 6.56E-38 1.14E-07 6.17E-07 

U 1 . O O E  06 9063E 05 9.63E 05 9.63t 05 9063E 0 5  9063E 05 90b3E 0 5  
NP 0.0 2.67t  02 L.19E 02 1.19E 02 1.1'3C 02 1.19E 02 1.1YE 02 
P U  0.0 3.01E 04 3.03E 04 3003E 04 3.33E 04 30C3E G4 3.02E 04 
A M  0.0 3 .57L-01  4.12E-01 5020E-01  6.20E-01 2 .2OE GO 1 o C ' l E  01 
t M  0.0 3.70E-03 3.29E-03 2.5OE-03 1.94E-03 7.60E-05 2.18E-05 

T'UTALS 1.00E 06 9090E 35 9.946. 05 9.9*E 05 9.946 05  90'34E 05 9 0 Y 4 E  0 5  
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A I  REFERENCE O X I D E  LMFBK RADIAL BLANKET 
POWER= 8.35 MM/MT,  BURNUP= 8130. HMD/MTI FLUX= 1035E 1 5  N/CM**2-SEC 

.NUCLIDE R A D I O A C T I V l T Y t  CURIES / M E T R I C  TON 1 U + PU 
CHARGE DISCHARGE 30. G 90. D 150. 0 1096. 0 10958. D 

U237 0.0 1.33E 05 6.13E 03 1 0 2 9 E  01  2073E-02 0.0 0 00 
U238 3.33E-Ql 3.20E-01 3.20E-01 3.20E-01 3.LOE-Cl 3.20E-01 3020E-01 

YP237 0.0 8.281-02 8 .39~-02 e . j 5 ~ - 0 2  a . 3 ~ ~ - 0 2  ~ 1 . 3 9 ~ - 0 2  8 .41~-02  
NP238 0.0 1.09: 0 4  5.45E-01 1.36E-09 0.0 0.0 0.0 
VP239 C O O  3049E 07  5.04E 03 2.17E-04 20176-04 2.17E-04 2.16E-04 
PU236 0.0 1.6OE-01 1.57E-01 1.51E-01 1.45€-01 7.73E-02 1.C.9E-04 
PU238 0.0 9.26E 01 9033E 01 9.32E 01 9031E 01 9.12E 01 7039E 0 1  
PU239 0.0 1.80E 03 1.8lE 03 1.61€ 03 l e 8 1 E  03 1.81E 03 1.81E 03  
PU240 0.0 1.55E 0 2  1.55E 02 1.55E 02 1055E 0 2  1.55E 02 1.54E 02 
PU241 0.0 1.43E 03 1042E 03 1.41E 03  1.4OE 03 10Z2E 03 2089E 02 
4M241 0.0 1.15E 00 1.33E 00 1.68E 00 2.33E 00 7.13€ 00 3026E 0 1  
AM242M 0.0 1.30E-02 1.3OE-02 103OE-02 1030k -02  1028E-02 1013E-02 
AH242 0.0 3.50E 01 1.30E-02 1.30E-02 1.33k-02 1028E-02 1013E-02 
C#2+2 0.0 1.2115 01 1oO8E 0 1  8034E 00 6046E 00 1.26E-01 9.29E-03 
SUBTDT 3.33E-01 3.50E 07  1.47E 04 3050E 03 3.+7t G3 3.29E 03 2.36E 03  

TUTALS 3.33E-Cl 7.0GE 0 7  1.47E 04 3.50E 03 3047E 03 3.29E 03 2.36E 03  

A I  KEFERENCE O X I D E  LMFBK K A U I A L  BLANKET 
POirEK= 9.35 MW/YT, BURNUP= 8130. MwD/MT, FLUX= 1.35E 1 5  N/CH**2-SEC 

NUCLIOE THERMAL POHER, W A T T S  / M E T R i C  TON ( 3 + PU 1 
CHARGE DISCHARGE 30. 0 90. 0 150. 0 1096. D 109580 D 

U237 0.0 2.86€ 02 1.31E 01 2.77E-02 5 0 8 5 t - 0 5  0.0 0.0 
YP239 0.0 1.03t 05 1049E 01 6.43E-07 boC3E-07 bo42E-07 6.41E-07 
P3238 0.0 3.07E 00 3.09E 00 3.09E 00 3 0 0 8 t  00 3 0 0 2 E  00 2.45E 00 
PU239 0.0 5.61E 01 5.63E 0 1  5.63E 0 1  5063E 0 1  5.63E 01 5063E 0 1  
PU240 0.0 4 . a ~ ~  00 4 . 8 2 ~  00 4.82E 00  4 . 8 2 ~  00 4 . 8 2 ~  00 4 . 8 0 ~  00 
StJBTJT 0.0 1 . 0 4 i  05 9.23C 01 6.43E 01  6.42E 01  6042E 01 6035E 01 

TOTALS 8.43E-03 1.87E 05 9.25E 0 1  6.44E OA 6044E 01  6.45E C 1  6046E 0 1  
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A I  REFERENCE O X I D E  LMFER R A D I A L  dLANKET 
PUkER= 8.35 M W / 4 T *  B'JRNUP= 9130. MbD/MTe FLUA= 1.35E 1 5  N/CM**Z-SEC 

NUCLIDE GAHHA PUvJERe M A T T S  / P l E T R I C  T3N ( cl + PU 
CHAHGE 3ISCHAKGE 3c. 3 900 0 150. D 1096. 0 10958. D 

U237 0.C 2.03E 02  9034E 00 1.97E-02 4.15t-05 0.0 0.0 
N W 3 9  0.0 6.72E C4 9.71E 00 i*.L8E-07 4.18E-07 4s lSE-07 6017E-07 
s u 8 ~ 3  r 0.0 5.7hE OL l r 9 0 E  01 1.97E-02 4.196-05 4.18E-07 4.17E-07 

TOTALS 0.0 6.75E C4 1.91E 01 4.12E-02 1.57E-02 3044E-C4 6.93E-05 

A I  REFERENCE O X I O E  LHFBR RADIAL BLkiJKET 
PUwER= 8.35 M V I / Y r ,  BUR,VUP= 8130. MdD/PlT, FLUX= 1.35E 1 5  N/CM**Z-SEC 

ELEMENT THERMAL PCJiJERe W A T T S  / HETRIC TON FUEL CHAHGEO TCi REACTOR 
CHARGE UI SCHARGE 30. U 90. 0 A500 0 1096. .O 10958. D 

TL 0.0 1.42E-C6 1.576-06 2.06E-06 2.5PE-06 1.55E-05 4.08E-05 
PI3 0.0 3.53k-07 3.94E-07 5.17E-07 6.516-97 3.31E-06 1.03E-05 
0 1  0.0 3024E-06 3.57E-06 4.39E-06 5.90E-06 3.55E-CS 9031E-05 
PO 0.0 1.51E-05 1.6SE-05 2.18E-05 2.75E-05 1.05E-04 4033E-04 
RN 0.0 7.66E-06 8.57E-C6 l o l l f - 0 5  1039E-05 8.37E-05 2.20E-04 
* A  0.0 6.92E-06 7075E-06 10 00E-05 1.25E-05 7.57E-05 1.99E-04 
TH 0.0 7.GlE-06 7.64E-06 9.82f-06 1.23E-05 7.246-05 1.90E-04 
P A  0.0 2e79E-07 1.20E-07 2063E-08 5.85E-05 lmO6E-10 8.97E-10 

U 8.43E-03 9.3lE 04 1.32E 01 3.50f-02 8.38E-03 8.42E-03 8.65E-03 
qJP 0.0 . 1.03E 05 1.k9E 01 6043E-07 6043E-07 6.42E-07 6.41E-07 
PU 0.0 5.40f 01 6.43E 01 6.43E 01  6.43f 9 1  bo42E C 1  6.366 01 
4 M  o * o  4.31€-02 4.43E-02 5.6CiE-02 6.77E-02 2.38E-01 1.09E 00 
C M  0. c 4.46t-02 3.96E-02 3.07E-02 2.38E-02 Co72E-04 3078E-05 . 

TUT4LS 8.43E-03 1 0 3 7 E  05 9.25E 01  6044E 01 6 0 4 4 k  0 1  6045E 01 6046E 01 



A I REFERENCE OX I DE LHFBR-CORE PLUS AX1 AL dLANKET 
POHER= 95.41 MM/MT,  BURNUP= 51519. HWU/MT, FLUX= 3.62E 1 5  N/CH**2-SEC 

NUCLIDE CONCENTRATIONS, GRAMS / M E T R I C  TON ( J + PU I 
I N I T I A L  30. D 90. D 150. D 1036. D 10958. 0 

U234 1.38E 01 1.46E 01 1.6C)E 01 1.75E 01 4007E 01 2.58E 02 
U235 1.04E 03 1.04E 03 l o 0 4 E  03 l . 0 4 E  03 1 . 3 5 E  03  1.11E 03 
U235 1..92E 01  1.95E 01 2oCOE 01 2006E 01 2.93E 01 1.19E 02 
U23Y 8.15E 05 8015E 05  8.15E 05 8.15E 05 8.15E 05 8.15E 05 

NP237 1.29E 02 1.32E 0 2  1.32E 02 1.33E 02 1039E 02 3.70E 02 
PU23R 1.15E 03 Lo16C 03  1.16E 03 1.17E 03 l . l b E  03 9044E 02 
PU239 7 .82E 04 7.85E 0 4  7.85E 04 7.856 04 7m95E 04 7o84E 04 
PU243  3.32E 04 3.32E C4 3032E 04 3032E 04 3032E 04 3.31E 04 
PU241 9.20E 03 9.16E 03 9.08E 03 9.00E 03 7.84€ 03  1.86E 03 
PUL42 5.70E 03 5.70E 03 5o70E 03 5070E 03 507SE 03 5.70E 03 
AM241 8.04E 02 8.44E 02 9o24E 02 1 - 0 0 E  03 2 o l b E  03 7.90E 03 
AM242H 1.56E G 1  1.56E 01 1.55E 01 1.55E 01 1o53E 01 1.36E 01 
AM243 4.49E 02 6o49E 02 4.19E 02 4049E 0 2  4o43E 02 4048E C2 
CM242 3.90E 0 1  3045E 01 2.68E 01 2.07E 01  4.08E-01 3027E-02 
CM244 2.68E 0 1  2.67E C 1  2.65E 01 2.64E 01 2.39E 01  8049E 00 
SUBTOT 9.45E 05 9.46E 05  9.46E 05 9.46E 05 9oC6E 05 9.46E 05 

TOTALS 9.46E 05 9.46E 05 9.46E 05 9046E 05 9.1*6E 05 9.46E 05 

A I  REFERENCE O X I D E  LHFBR-CORE PLUS AXIAL BLANKET 

ELEMENT CGNCENTRATIONSI GRAMS / M E T K I C  TON FJEL C H A K G E D  T O  REACTOK 
I N I T I A L  30. 0 40. D 1500 0 1396. 0 10958. 0 

H i  1.05E 00 1.16E 00 1.33f 00 1.48E 00 2.61E 00 1.31E C 1  
TL 6.81E-13 7.72€-13 1007E-12 1041E-12 9.87E-lZ 2068E-11 
PB 9.4I.E-08 1.04E-07 1.54E-07 2.206-07 4.79E-06 2045E-04 
B I  3.77E-11 4.27E-11 5.94E-11 7.81E-11 5.46E-10 1.48E-09 
P O  1 .5W-15 1.83E-15 2o50E-15 3.28E-15 2.30E-14 6.23E-lc 
RN 6.036-13 6.o6E-13 9.50E-13 1.25E-12 8.73E-A2 2.37E-11 
f i A  3.45E-09 3 .98 t -09  5.43E-09 7.13E-09 4.93E-08 1.35E-07 
TH 3.03E-05 3.36C-G5 4.09E-05 4o90E-05 2o67E-04 1.17E-02 

. P A  9.85E-07 9.4'4E-07 9.95E-07 9.96E-07 1.OZE-06 1.30E-06 
U 8.16E 05 d.:SE 0 5  8.16E 05 8.16E 05  8.16€ 05  8 0 i 7 E  05 

VP 3.90E 02  1.32E C 2  1o32E 02 1.33E 02 i 0 3 9 E  02 3.70E 02 
PU 1.27E 05 1.28E C 5  1.2aE 05 1.28E 05 1 .26 f  05 1.20E 05 
A 14 ' 1 . 2 7 6  03 1.31E C3 1.3QE 03 1.47E 0 3  2.62E 03 t1.37E 03 
C M  6.726 01 6.27E 0 1  5047E 01 4.86E 0 1  L.57E 01 9.29E GO 

T O T A L S  9.46E 05 9046E 05  9.46E 05 9.46E 05  9.4bE 05 9046E 05 



381 

A I  REFERENCE O X I S E  LPbF8R-CORE PLUS AXIAL dLANKET 
POWER= 95.41 M W / M T *  BURNUP= 51519. MWD/#T* FLUX= 3.62E 1 5  N/CM**Z-SEC 

UUCLIDE R A O I O A C T I V I T Y I  CURIES / M E T R I C  TON ( J + PU J 
I N I T I A L  30. D 90. D 150. 0 109Oo D 10958. 0 

U234 R.56E-02 9.01E-02 9.92E-02 1.08E-01 i .52E-01 1.59E 00 
U237 2.25E C.5 1.04E 04 2 . 1 8 E  01 406LE-02 0.3 0.0 
U233 2*72E-01 2.72E-01 2.72E-01 2o72E-01 2.72E-01 2.7.ZE-01 

VP237 Sr - l lE -02  9.31E-02 9.34E-02 9.35E-02 9.73E-02 2.61E-01 
VP238 3.33E 04 1.67E 00 4.18E-09 1.05E-17 0.0 0.0 
VP239 6.07E 07 8.85E 03 8.656 01 8.65E 01 8o65E 01 8 0 6 2 E  01 
PU236 6.09E-01 5.99E-01 5.76E-01 5053E-01 2.95E-01 4015E-04 
PU236 1.94E 04 1.c5E 0 4  1.96E 04 1.97E 04 1.96E 04 1.59E 04 
PU239 L079E 03 4.81f 03 4.81E 03 4.81€, 0 3  4.81€ 03 4 0 8 1 E  03 
PU240 7.32E 03 7e32E 03 7.32E 03 7.32E 0 3  7.31k 03  7.30E 03 
PU241 1.C5E C6 1.05E 06 1004E 06 1o03E 0 6  8095E 05 L012E 05 
PU242 2.22E 01 2.22E 01 2.22E 01 2.22E 01 2 . 2 2 E  01 2022E 01 
AM241 2.60E 03 2.73E 03 2.99E 03 3.25E 0 3  6.996 03 2.56E 04 
AM242H 1.51E 02 1 0 5 1 E  02 1.51E 02 1.51E 02 1.49E 02 1032E 02 
A M 2 4 2  2.49E 55 :.51E 02 to51E 02 1.51E 02 1 . 4 9 f  02 1.32E 02 
AM243 8.64E 01 8 0 6 5 E  0 1  8.65E 01 8.65E 01 8.65E 01 8.62E 01 
CM242 1.29E 05 l .14E 0 5  8086E 04 6.87E 0 4  1.35E 03 1.08E 02 
fM243 6.75E 01 6 .74 t  01 6.72E 01 6.69E 0 1  6.33f 01 3.53E 01 
CM244 2.17E 0 3  2.16E 03 2.15E 03 2.13E 0 3  1.93E 03 6.87€ 02 
SUBTOT 4.24E 07 1.22E 0 6  1 0 1 6 f  06 1.13E 0 6  9o38E 0 5  2067E 05 

TOTALS 1.24E OB 1.22E 06 l o l 6 E  06 1.13E 06  9038E 0 5  2.67E 05 

A I  REFERENCE O X I D E  LMFBR-CORE PLUS AXIAL BLANKET 
POWER= 95.01 MIJ/MT 9 BURNUP= 51519. #d'D/MT~ FLUX= 3. 62E 1 5  N/CM**2-SEC 

NUCLIOE THERMAL POHER, WATTS / M E T R I C  TON ( d + PU ) 
I N 1  1 I A L  30. D 90. 0 150. D 1036. 0 10958. D 

U237 4.84E 02 2022E 0 1  4o69E-02 9.886-05 0.3 0.0 
YP239 1.80E 05 2.626 01 2.56E-01 2.56E-01 2.55E-01 2.56E-01 
PUL36 2012E-02 2.08E-02 2.00E-02 1.92E-02 1.03E-02 1044E-05 
PUZ38 6.44E 02 6.46E 02 6.50E 02 bo52E 02 6.50E 02 5.28E 02 
PU239 1 . 4 9 E  02  1.50E 02 1050E 02 1.50E 02 1.50E 02 1 0 4 9 E  02 
PU243 2.28E 02 2.28E 02 2.28E 02 2.28E 02 2.28E 0 2  2.27E 02 
PU241 4.36E 0 1  4034E 01 4.30E 01 4.2OE 01 3.71E 01 8.80E 00 
PU242 6.57E-01 6.57E-01 6o57E-01 6.57E-01 6.57E-01 6057E-01 
4M241 8.69E 01 3.13E 01 9099E 01 1 0 0 8 E  02 2.33E 02 8.55E 02 
AM242H 4.30E-02 4030E-02 4030E-02 4.30E-02 4.25E-02 3e75E-02 
AM243 2.78E-01 2.78E-01 2.78E-01 2.78E-01 2.7BE-01 2.78E-01 
CM242 4.75E 02 4021f 0 2  3.26E 02 2.53E 02 4097E 00 3.98E-01 
CM243 2.1*7E-Ol 2.46€-01 2.45E-01 2.44E-01 2.31E-01 1.29E-01 
5M244 7.58E 00 7 0 5 6 f  00 7.51E 00 7.47E 00 6.76E 00 2.40E 00 
SUBTOT 1.82E 05 1.64E 03 1.51E 03 1.44E 03 1 . 3 i E  03 1.77E 03 

TOTALS 3.2BE 05 1 0 6 4 E  03 1.51E 03 1.44E 03 l o 3 l E  0 3  1.77E 03 
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A l  REFERENCE O X I D E  LHFBR-CORE PLUS AXlAL i3LANKET 
POWER= 95.41 ?lLJ/MT, BURNUP= 51519. M#O/MTI FLUX= 3.62E 1 5  N/CH**Z-SEC 

NUCLIilE G A M M A  P O ~ E R I  WATTS / NETRAC TON ( U + PU J 
I Y I T I A L  3 0 .  D SO. D L50. D 13360 0 10958. 0 

U237 3.43E 02 1.58E 01 3.33E-02 7.02E-05 0.0 0.0 
VP239 1.17E 05 1.715 01 1.07E-01 1.67E-01 1.57E-01 1066E-01 
AM243 2.5OE-01 2.515-01 2.51E-01 2.50E-01 2.50E-01 2.50E-01 
ti4242 3.33E 02 2.95E 0 2  2.28E 02 1.77E 02 3 0 4 8 E  00 2.79E-01 
t M 2 4 3  2.47E-02 2.46C-02 2.65F-02 2.44E-02 2.31f-02 1.29E-02 
CMZ44 1.52E 00 1.5l.E 00 ! .50 i  00 1.49E 00 1.35E 00 4.81E-01 
SUdTUT 1.18E 05 3.29E 02 2.30E 02 l .79E 02 5.27E 00 1.19E OC 

TOTALS 1.18f 05 3.295 02 2.30E 02 1.79E 02 5 .28E 00 1o Z O E  00 

A I  REFERENCE Oji 1 D E  LMFBR-CORE PLUS AX1 AL BLANKET 

ELEMENT THERYAL POWEHI W A l T S  / M E T R I C  TUlV FdEL CHAHCSD TU REACTOR 
1.41 TIAL 30,  0 90. 0 150. D 1035. D i0958. D 

T L  3.89E-06 4.40E-06 6013E-06 8.G5E-06 5.63E-05 1.53E-04 
P B  9 .79E-07  l.llE-06 1.546-06 2003E-06 1.42E-05 3.85E-05 
8 1  8.87E-06 ? . O O C - O 5  1.40E-05 1.84E-05 L v Z B E - 0 4  3.43E-04 
PG 4.13E-05 4.73E-05 6.51E-05 t1.55E-05 5.98E-04 1.62E-03 
Rlu 2.0QE-05 2.42€-05 3.3Ofr-05 4.33E-05 3.03E-04 6.23E-04 
R C  i . 8 9 ~ - 0 5  2 . 1 8 ~ - 0 5  2 .9a~-o5 3 . 9 2 ~ - 0 5  z . 7 4 ~ - 0 4  7 . 4 4 ~ 0 4  
TH 2 . 4 x - 0 5  2. L S E - O S  t . 9 3 ~ - 0 5  3. a 3 ~ - 0 5  2 . 6 2 ~ - 0 4  7 . 1 7 ~ - 0 4  
P A  1.C7E-06 3.16E-08 8.06E-09 2.90E-09 ~ o 6 9 E - 0 9  1.89E-05 

U 1.45E 05 2.22E 01 5.68F-02 1 .03 f -02  1.67E-02 5.37E-02 
NP 1.80E 05 2.62E 01 2.56E-0i 2.5oE-01 2.5bE-01 2.56E-01 
PU 7 . 1 5 E  03 1.072 03 1.07E 03 A.07E 03 1.07f 0 3  9.14E 02 
A M  4.12E 02 9 0 1 6 t  01  1.00E 02 1.09E 02 2.34E 0 2  8.55E G2 
I , M  L.83E 02 4.29' 02  3034E 02 L o b l E  02 1.2315 01 2.93E 00 

TOTALS 3.28E 05 1.64E 0 3  1.51E 03 1.44E 03 1031E 03 1.77E 03 
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A I  REFERENCE U X I C E  LMFBR-CURE PLUS AXIAL AhD KADlAL BLAlr(KETS 
POWER= 5 6 - 2 3  MW/;XT 9 BURNUP= 32977. MWD/MTv F L U X =  2. 65E 1 5  N / C M * * Z - S E C  

NUCLIDE CONCENTHATIONSI GRAMS / M E T H I C  TUN ( J + PU j 
I N I T I A L  30. D 90. D 150. D 1036. 0 10958. D 

U234 Ro04E 00 8044E 00 3030E 30 1.01E 01 2.35€ 01 1 0 4 8 E  02 
U235 1.42E 03 1.42E 0 3  1.42E 03 1.42E 0 3  1.43E 03 Aoo7E 03 
U236 3.75E C 1  3077E 01 3080E 01 3.83E 0 1  4034E 0 1  9059E 01 
U238 8078E C5 8.78E 05 9078E 05 8078E 0 5  8.73E 05 8.78E 05 

YP237 1.24E 02 1.26: 02 1.27E 02 1.27t 02 1.33t 02 2.63E 02 
PU238 6062E 02  5 0 6 5 E  02 6068E 02 6.71E 02 6053E 02 5043E 02 
PU233 5073E 04 5.76f 0 4  5076E 04 5.76E 04 5.76E 04 5075E 04 
PU240 1.93E 04 1.93E 04 1.93E 04 1.93E 0 4  1.93E 04 1.33E 04 
PU241 5.2AE 0 3  5.25E 03 5.21E 03 5.1ok 03 4.5OE 03 1.07E 03 
PU242 3o27E 03 3.27E 03  3.27E 03 3 .27E 0 3  3.27E 03 3.27E 03 
AM241 4 o 6 1 E  02 4084E 02 5.29E 02 5075E 02 1.24E 03  4.531: 63 
AM242M 8.92E 00 8.91E 00 8.91E 00 8.9CE 00 8079E 00 7078E GO 
AM243 2.57E 02 2.58E 0 2  2.58E 02 2.5aE 02 2.57E 02 2.57E 02 
CM242 2.23E 01 1.99E 0 1  1.53E 01  1o19E 01 2.34E-01 1.87E-02 
CM244 1.53E 01 1.53E 01 1052E 01 l o 5 1 E  01 1037E 01 4086E 00 
S U d T O T  9.66E C5 3066E 0 5  9066E 05 9.66E 05 9066E 0 5  9.66E 05 

TOTALS 9066E C 5  9.66E 05 9066E 05 9066E 05 9056E 0 5  9066E 05 

A ?  REFERENCE O X I D E  LMFBR-CORE PLUS AXIAL AND RADIAL BLANKETS 

ELEMENT GCNCENTRATIONSt GRAMS / M E T H I C  TON FOEL CHARGE3 T O  R E A C T O R  

HE 6.12E-01 6.71€-01 7072E-01 80586-01  1.52E 00 7.69E 00 
T L  4.97E-13 5.68E-13 7.69E-13 1.00E-A2 6.82E-12 A.84E-11 
P B  6.54E-CB 7.98E-08 1.16E-07 1.63E-07 3.34E-06 1.68E-04 
a 1  2.75E-11 3.14E-11 4.26E-11 5055E-11 3.77E-10 1.02E-09 
P O  1.16E-15 1.33E-15 1079E-15 2033E-15 1.59E-14 4.28E-14 
RN 4.39E-13 5.04F-13 6.80E-13 8086E-13 6.03E-12 1.63E-11 
R A  2.516-03 2.38E-09 3089E-09 5.076-09 3 0 6 5 E - 0 8  9.316-08 
TH 1.86E-C5 2.076-05 2.51E-05 2.99t-05 1.59E-04 6.78E-03 
P A  5.92E-C7 5.96E-07 5.97E-07 5milYf-07 6.34E-07 1 s 0 1 E - 0 6  

U 8.796 C5 9.796 C 5  8.79E 05 8.795 05 8e79E 05 8.79E C5 
VP 3038E 02 1.26E 02 1027E 02 1.27E 02 1.3OE 02 2.63k 02 
PU 8059E 04 8.61E 04 9.60E 04  8060E 0 4  8053E 0 4  8.17E 04 

I N I T I A L  30. D 90. 0 150. D 1036. 0 10958. 0 

A M  7 . 2 7 ~  02 7 . 5 0 ~  02 7 . 9 6 ~  02 8 . 4 1 ~  02 1 . 5 0 ~  03 4 . 8 0 ~  03 
C M  3085E 01 3059E 0 1  3.14E 0 1  2.78E 01 l o 4 7 f  0 1  5.32E 00 

T O T 4 L S  9.66E C5 9.66E 05 9066E 05 9066E 0 5  9.66E 0 5  9.56E 05 
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A I  REFERENCE O X I D E  LMFBR-COKE PLUS AXIAL A N D  kADiAL BLANKETS 
POIIER= 58.23 M i i / A T ,  BURNUP= 32977. PlrrD/MT, FLUX= 2.65E 1 5  N/CM**Z-SEC 

N U C L I D E  R A D I O A C T I V I T Y ,  C U R I E S  / M E T K I C  TUN ( J + PU J 

I 

I I T I AL 30. D 90. D 150. D 1 0 ~ 6 .  D 10958. D 
U234 4.96E-02 5.23E-02 5.75E-CZ 6.27E-02 1.45E-01 9.17E-01 
U237 1.86E C.5 3.55E 03 1.80f 01 3oi3OE-02 0.0 0. c 
U238 2.92E-01 2.92F-01 2.92f-01 2.92E-01 2.92E-01 2.92€-01 

VP237 8.76E-C;! SmS2C"-02 8093E-02 8,. 94E-02 3014E-02 1.85E-Cl 
N P 2 3 8  2.37E 04 1.195 00 2.96E-09 7.46C-18 0.3 0.0 
VP239 4.?7E C.7 7.22E 03  4.95E 01 4.35E 0 1  4.95E 0 1  4.54E 01 
PU236 4.17s-01 4.10E-01 3.94E-Oi 3.7%-01 2.32E-Oi 2.84E-04 
?a233 1.12E 04 1.12f 0 4  1.13E 04 1.13E 0 4  1.13E 0 4  Yo16E 03 
PU239 3052E 03 3.53E 03  3053E 03 3.53E 0 3  3053E 03 3053E 03 
PU243 4 . 2 6 E  03 4.26E 03 L o 2 6 E  03 4.26f 03  4oZCE 03 *m25E 03 
Pu241 6.02E 05 4.00E 05 5.95E 05 5.83E 05 5 . 1 3 E  U5 1 0 2 2 €  05 

Ai4241 !.49E 03 1.57E 03 1.72E 03 i .96E 03 4.31E 03 l r 4 7 E  04 
A M Z G Z M  8.67E (21 9.b7E 01 8.66t 01  d . 6 5 E  01 8.55E 0 1  7.56E 01 

PU242 1.27E 0 1  1.27E 0 1  1.27E 01  1.27E 01  loZ7E 0 1  1.27E 01 

AM242 1.42E C 5  3.672 91 9.66f 01 3.65E 0 1  8055k 01 7.56E 01 
AM243 4.95E 01 4.95E 01 4 0 9 5 f  01 4.95E 01 4.75E 01 4.946 01  
tM242 7.39E 04 6.55E 04 5 . O R E  94 3.94E 0 4  7.74E 92 b.2OE 01 
CM243 3.P7E 01 3.96E 01 3085E 01 3o83k 0 1  3.63E 01 ZoO2E G 1  
CM244 1.24E 03 1.24E 03  1.23E 03 1022E 03 1 .11E 0 3  3 0 9 4 6  02 
S U D T O T  5.07E C7 70C3f C.5 6.6.9E 05 6.51E 05 5039E 0 5  1.54E 05 

TOTALS 1 . O l E  O R  7.03E 0 5  6.63E 05 G.51E 05 503'3E 0 5  1 0 5 4 E  C5 

A I  REFERENCE L I X I O E  LMFbR-CGKE PLUS AXIAL A V U  HAOIAL trLAhKETS 
POhEH= 59.23 YPr/MT,  BURNUP= 329770 M M ~ ) / M T I  F L U X =  2.65E 15  N / C M * * E - S E C  

NclCLIOE THFRPAL P O W E R *  W A T T S  / M E T R I C  TUid ( cl + Pcl 1 
I N I T I A L  3 G .  D 90. i) 150. 0 i 396 .  U 1b959. 0 

U237 3.99E 02 1.93E 01 3.97E-02 8.16E-05 0.D 0.0 
YP239 1.47E 05 2.14E 0 1  1.47t-01 1.47E-01 1oC7E-01 1.40E-01 
PU238 3.70E @2 3.725 0 2  3074E C L  3.75C 02 3.74E 02 3.03k 02 
PU233 ?.09E 'I2 1 . l O E  02 1010E 02 l o l 0 E  02  1.1GE 02 1.10€ C2 
PU240 1.33E 02 1.33E 02 1.33E 02 1.33E 02 1.33t 0 2  1032E C2 
PU241 2.50E 01  2.49E 0 1  2.476 01  2.45E 0 1  2.13E 01 5.0SE 00 
PU242 3.76E-01 3.76E-01 3.76E-01 3.76E-01 3-076E-01 3076E-01 
AM241 4 o S A E  3'1 5 - 2 3 ?  01 5.72E 01  6.21t 01  1.3iE 02 'toY0E 02 
AM242M 2.47E-02 2.47E-02 i1046E-02 2.4OE-02 2.43E-02 2.15E-02 
AM2c3 1.59E-Cl 1.59E-01 1.59E-01 1.59E-01 1.59€-91 1.59€-0 i  

tM243 1.41E-01 1.41F-01 l . 4 l E - L ~ l  1.40E-01 1.32t -01 7.38E-02 
CM2+4 4.34E 00 4.33E 00 4.30E 00 4 . Z 8 t  00 3.87E 00 i.38E 00 

CM242 2072E 02 2.41f 02 1 0 6 7 E  02 1.45E 02 ZoY5E 00 2.28E-Cl 

SUBTOT 1.49E 05 9.77E 02 8.90E 02 8034E 02 7079E 02 1.04E 03 

TGTALS 2.67E 05 3.77E 02 8.90E C2 8.54E 02 7.7.Y€ 02 1.64E 03 
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A I  .REFERENCE OXIDE LMFBR-CORE PLU5 AXIAL A Y O  RADIAL BLANKETS 
POWER= 58.23 M & / M T *  BURNUP= 32377. MLID/MT* FLJX= 2065E 1 5  N/CM**2-SEC 

AUCLIOE GAMMA POWER* kATTS / M E T R I C  TON ( L, t PU 1 
I N I T I A L  30. D 90. U 150. 0 1096. D 10958. D 

U237 2.84E 02 1.305 01 2.75E-C2 5.79E-05 0.0 0.0 
VP239 0057E 04 1.39E 01 7.55E-02 9.54E-02 9.54E-02 9.52E-02 
AM243 1.43E-01 1.44F-01 1044E-01 ?.4r*E-01 1.43E-01 1043E-01 
tM242 1.91E 02 1.69': 0 2  1.31E 02 1 . O l E  02 1.99E 00 1060E-01 
Cf4244 8.69E-01 8060E-01 @.61E-01 8.56E-01 7.75E-01 2.75E-01 
SUBTdT 9.61E 04 1.97E 02 1.32E 02 l 0 0 3 E  02 3001E 00 6.74E-01 

TOTALS 9.62E 04 1.97E 0 2  1.32E 02 1.03E 02 3033E OC 6 0 9 6 E - 0 1  

A 1  REFERENCE dX13E LMFBR-CORE PLUS AXIAL AULj  &ADIAL BLANKETS 

'IOT4LS 2 o t 7 E  0 5  9077E 02 8.9OE 32 ti.54E 02 7.796 02  1 .04E 03 
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APPENDIX C: CONCENTFtATIONS, RADIOACTIVITY, AND THERMAL POWER 
O F  NUCLIDES PRODUCED FROM ACTIVATION OF THE CLADDING 

FOR THE CORE O F  THE ATOMICS INTERNATIONAL 
REFERENCE OXIDE WBR 



CLADDING ACTIVATION I N  A I  LMFBR A T  80000 MWD/TONNEv 148.1 MWITONNE 

NUCLIDE CONCENTRATIONS~ GRAMS / M E T R I C  TCN FUEL CHARGED TO REACTOR 
CHARGE DISCHARGE 30.0 D 90.0 D 150. 0 1096. D 10958. D 

HE 4 0.0 5.826 00 5m82E 00 5.82E 00 5.82E 00 5.82E 00 5.82E 00 
C 12 2.366 02 2.30E 0 2  2.36E C Z  2.36E 0 2  2.366 02 2.36E 0 2  2*36E 0 2  
C 13 3059E 00 2o09E 0 1  2.09E 0 1  2.09E 0 1  2.09E 0 1  2.09E 01 2009E 0 1  
0 15 1.34E 05 1.34E 05 1.34E 05 1.34E 05  1.34E 05 1.34E 05 1.34E 05 
0 17 5.69E 01 7074E 01 7074E 0 1  7074E 01 7074E 0 1  7074E 0 1  7.7LE 01 
0 18 3.32E 02 3.32E 02 3.32E 02 3.32E 02 3.32E 02 3.32E 02 3.32E 02 
F 19 O m 0  5.05E-02 5.05E-02 5.05E-02 5.05E-02 5.05E-02 5m05E-02 

N A  23 2027E 03 2.27E 03  2m27E 03 2m27E 03 2.27E 03 2.27E 03  2027E 0 3  
PIG 24 0.0 9.66E-01 9.68E-01 9.68E-01 9.68E-01 9.68E-01 9.6RE-01 
HG 26 0.0 9.83E-02 9.83E-CZ 9083E-02 9.83E-02 9. A3E-02 9oA3E-02 
SI 28 ZoO6E 03 2.06E 03 ZoO6F 03 2.06F 03 2.06E 03 2.06F 03 2006E 03  
SI 29 1.09E 02 1.09E 02 1.09F 02 1009E 02 1m09E 0 2  1.09E 0 2  1.09F 0 2  
SI 30 7.41E 0 1  7m40E 01  7m40E C 1  7.40E 0 1  7.4OE 0 1  7m40E 0 1  7.40E 01 

P 3 1  1.20E 02 1.20E 0 2  1020E 02 1020E 02 1020E 02 1m2C!E 0 2  102OE 0 2  
S 32 8o51E 01 8.50E 01 8.50E 0 1  8050E 01 8.50E 0 1  8.50E 01 8.50E 0 1  
S 33 6090E-01 6.92E-01 6092E-01 6.92E-01 6.92E-01 6.92E-01 6092E-01  
S 34 4 o O l E  00 4.01E 00 4.01F 00 4.01E 00 4.01E 00 4.01E 00 4mOlE 00 

T I  47 0.0 5.27F-02 5.27E-02 5. 27E-02 5.27E-02 5-  27E-02 5.27E-02 
T I  43 0.0 8018E-02 9.18E-02 8- 18E-02 8o l8E-02  8.18E-02 Rol8E-02 
T I  50 0.0 3.84E-01 3.84F-01 3eRQE-01 3.84E-01 3eR4E-01 3.34E-01 

V 50 0.0 1.52E 00 1.52E 00 1 0 5 2 E  00 1.52E 00 1052E 00 1.52E 00 
V 5 1  0.0 7.79E 00 8.14E 00 8.39E 00 8.446 00 8.46E 00 8.46E 00 

C R  50 2023E 03  2022E 03 2.22E 03 2022E 03 2022E C 3  2022E 03  2.221: 0 3  
C R  5 1  0.0 6.70F-01 3.17E-01 7. 10E-02 1.59E-02 9.08E-13 0.0 
CR 52 4.50E 04 4.50E 04 4.50E 04 4 0 5 0 E  0 4  4.50E 0 4  4050E 04 4m50E 0 4  
C R  53 5023E 03 5.05E 0 3  5.05E 03 5.05E 03  5085E 03  5o05E 03  5.05E 0 3  
C R  54 l o 3 3 E  03 1.55E 03 lm55E G3 1 0 5 5 E  03 1.55E 03 1057E 0 3  1.57E 0 3  
PIN 54 0.0 1.88E 01 1m76E 0 1  1m53E G l  1.34E 01 1.53E 00 2.46E-10 
MN 55 5.98E 03 5.96E 03 5.q6E 03  5.96E 03  5.96E 03 5097E 03 5099E 0 3  
F E  54 1.19E 04 1.19E 04 1 0 1 9 F  04 1 0 1 9 E  0 4  1.19E 04 1.19E 04 1.19E 04 
FE 55 0.0 3.04E 01 2.97F 0 1  2.85E C 1  2.72E 0 1  1o37E 01 1m02E-02 
FE 55 1095E 05 1.94E 05 1.94E 05 1m94E 05 1.94E 05 1.94E 05 1.94E 05 
FE 57 4072E 03 5.17F 03 5017E 0 3  5017E 03  5oL7E 03 5.17F 0 3  S o 1 7 E  0 3  
F E  58 7 * 2 2 E  02 8.11E 0 2  8.15E 02 8.19E 0 2  8.21E 02 8.24E 0 2  8m24E 0 2  
FE 59 0.0 2. 1 C E - 0 1  1.32E-01 5.26E-02 2.09E-02 9.79E-09 0.0 
C O  58 0.0 1.30E 01 9.71E 00 5.42E 00 3.02E 00 3.17E-04 0.0 
C O  59 2099E 02 3oOOF 0 2  3.00E 02 3000E 02 3.00E 02 3eOOF 02 3000E 02 
C O  60 0.0 1.19E 00 1.18E 00 1.15E 00 1.13E 00 8.01F-01 2.28E-02 
N I  58 1060E 0 4  1.59E 04 1.59F 0 4  1.59E 04 1.59E 04 1.59E 04 1m59E 04 
NI 59 Om0 2m81E 0 1  2081E 01  2.81E 01  2.81E 01 2081E 0 1  2.81E 01  
N I  60  6040E 03 6.39€ 03 6.39E 03  6.39E 03 6m39E 03 6.39E 0 3  6.39E 0 3  
N I  6 1  2093F  02 3.02F 02 3.02F 02 3.02E 02 3.02E 02 3002E 02 3mO2E 0 2  
N I  62 9.23E 02 9.23E 02 9.23E 0 2  Sm23E 02 9.23E C2 9.23E 0 2  9.23F 02 
N I  63 0.0 l e l O E  00 l . l O E  00 l e l O F  00 1.09E 00 1.07E O Q  8m76E-01 
N I  64 2.84E 02 2.83E 02 2.83E 02 2.83E 02 2.83E 02 2.R3E 02 2.83E 0 2  
C U  65 0.0 2.76F-01 2.76E-01 2076E-01 2.76E-01 2.76E-01 2076F-01 
S U B T O T  4.356 05 4935E 05 4035F 05 4035E 05 4035E 05 4035E 05  4.35E 05 

TOTALS 4035E 05  4035E 05 4035E 05 4035E 05 4035E 05 403,5E 05 4.35E 0 5  
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CLADDING A C T I V A T I O N  I N  A I  LMFBR A T  80000 MWD/TONNE,  14e . l  MW/TONNE 

ELEMENT C O N C E N T R A T I O N S ,  GRAMS / METRIC TON FUEL CHARGEE TCI REACTOR 
C H A R G E  D I S C H L R G E  30.0 D 90.0 D 1 5 0 0  D 10C6. D 1C958e 0 

H 0.0 3.39E-09 3o38E-09 3o35E-09 3o32E-04 2086E-09 6e26E-LO 
H E  0.0 5.i32E 00 5.82Fr 00 5.A2E 00 5.82E 00 5.82E 00 5.82E 00 
L I  0.0 l e  38E-06 1e38E-06 1038E-06 1e38E-06 1o39E-06 1e38E-06 
B E  9.0 2o74E-03 2.74F-C3 2074F-03 2o74E-03 2o74E-03 2o74E-03 
B 0.0 5. OlF-O? 5e01E-C7 5o01E-07 5oOlE-C7 5002E-07 5o06E-07 
C 2040E 02 2e57E C2 2o57E C2 2057E 02 2o57E 02 2o57E 02 2057E 0 2  
N 0.0 8.7%-07 9o91F-07 1 . 2 5 ~ 0 6  lo51E-06 5061E-06 4e83E-05 
e 1e3aE 35 1o34E 35 1 0 ? 4 E  C5 1e34E 05 1o34E 05 lo34E 0 5  1o34E 05 
F 0.0 5eO5E-02 5.05E-C2 5005E-02 5o05E-02 Se05E-02 5e05E-02 

NE 0. t 3.92E-02 3e92E-02 3092E-02 3.92E-G2 3.92E-02 3e92E-02 
NA 2o27E 03 2o27E '33 2.271: C3 2e27F 03 2o27E 03 2027E 03 2027E 03 
MG a.0 1 e l l E  00 1 0 1 1 E  00 l o l l €  00 1 0 1 1 E  00 1 e 1 1 E  GO l o l l €  00 
PL 0.0 2e78E-04 2077E-04 2e77E-04 2e77E-04 2e77E-04 2e77E-04 
S I  2024E 03 2024E 03 202kE C3 2e24E 03 2e24E 03 2024E 03  2o24E 03 
P 1o20E 02 1o20E 0 2  1020F C2 1020E 02 1o20E 02 1e2GE 02 1020E 0 2  
s 8 0 9 B E  01 8e97E 0 1  8o97E 0 1  8097E 0 1  8o97E 0 1  @e97E 0 1  ee97E 0 1  

CL 0.0 2.95E-08 3.15E-CB 3o44E-08 3.61E-OR 3o90E-08 3e90E-08 
AR 0.0 10 7%-15 2.60F-16 2e69E-16 2.6?E-16 2069E-16 2e69E-16 

K 0.0 20 27E-12 2o27E-12 2e27E-12 2o27E-12 2o2'E-12 2o27E-12 
C A  c o o  4o40E-06 4.4OE-G6 4040E-06 4o40E-06 4.40E-06 4040F-06 
sc 0.0 1e14E-06 2o66E-09 1047E-10 1o66E-10 2o3QE-10 2039E-10 
T I  0.0 5e19E-01 5o19E-01 5e19E-01 5e l9E-01  5.19E-01 5.19E-Cl 

V 0.0 9e31E 00 9 o 6 6 F  CO 9091E 00 9o96E 00 9o9AE 00 9o98E 00 
t R  5.33E 04 5.38E 04 5.39E 04 5.38E 04 5.39E C4 5.33E 04 5.33E 04 
MN 5o99E 03 5 o ? 8 E  03 5e97E 07 5e97E 03 5.Q7E C3 5097E 03 5o99E 93  
F E  Zo12E 05 2012E 05 2 o l 2 E  05 2012E 05 2e12E 05 2e12E 05 2012E 05 
c o  2e09F 02 3.14F 02 3 e l O F  C2 3e06E 02 3oO4E 02 3o01E 02 3oOCC 02 
NI 2034E 04 2e39F 04 2o39E C4 2039E 04 2037E C4 2e3QE 0 4  2039E G4 
CU 0.0 2ee2E-01 2.83E-CL 2o84E-01 2.86E-Cl 3e07E-01 5e04E-01 
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CLADDING ACTIVATION IN A I  LMFBR A T  t 0 O C ) C  MWD/TONNE, 148.1 MW/TONNE 

NUCLIDE R A t I I O A C T I V I T Y v  CbRIES / M E T R I C  TCN FUEL CkARGED T O  REACTOR 
CHARGE DISCHARGE 30.0 0 90.0 D 150. D 1055. [? 10958. D 

C 14  0.0 5.84E-02 5.f24E-C2 5.94E-02 5.84E-C2 5.83E-02 5.8lE-02 
P 32 0.0 2.31F 03 5039E 02 2.94E 0 1  1.61E 00 0.0 0.0 
P 33 0.0 1.35E 0 1  5086E CO 1 . 1 l E  00 201OE-01 @.49E-13 0.0 
v 49 c o o  5.73E-02 5.35E-02 4.75E-02 4.18E-02 5.74E-03 5.79E-12 

C R  5 1  0.0 6.17E 04 2.92E 04 6.55E 03  1.47E 03 8.37E-08 0.0 
MN 54 0.0 1.50E G5 1.40F 05 1022E 05 1.07E 05 1.22F 04 1096E-06 
F E  65 0.0 7.60E 04 7.43F 04 7.12E 04 6.81E 04 3.41E 04 2.556 01  
F E  53 0.0 1.03E 0 4  6.52F. 03  2.59F 03  1.03E 03 4.82E-04 0.0 
c o  5 3  0.0 4.1OE 05 3037E CS 1.71E 05 9055E 04 1.00F 01  0.1) 
50 63 0.0 1.35~ 03 1 . 3 3 ~  c 3  1 . 3 1 ~  c3 1 . 2 8 ~  0 3  9 . o e ~  0 2  2 . 5 9 ~  01 
N I  53 '3.0 2013E 00 2013F 00 2.13E CO 2.13E 00 2013E 00 2.13E 00  
N I  63 0.0 6.7EE 0 1  6077E C 1  6.76E 0 1  6.76E 0 1  6.h3E 0 1  5.41E 0 1  
SUBT3T 0.0 7.13E 05 5059E 05 3.75E 05 2.74E 05 4.74E 04 1 o O B E  0 2  

TOTALS '3.0 l.27E 06 5059E C5 3075E 05 2.74E C 5  4.74E 04 1.OBE 0 2  

CLADDING ACTIVATION IN A I  L M F B P  A I  80000 MWD/TONNE* 148.1 MW/TONNE 

NUCLIDE THERMAL POWER, WATTS / PETRIC TGN FUEL CHbRGEO TO REACTOR 

P 32 0.0 9.51E 00 2.22E CO 1.21E-Cl 6.61E-03 0.0 0.0 
Z R  51 0.0 2 0 7 4 E  0 2  1.30E C2 2.91E 0 1  6051E 00 3072E-LO 0.0 
MN 54 0.0 1021E 03 1.13E 03 9.86E 02 8.60E 02 9.88E 01 1.58E-08 
F E  55 0.0 G.91E 01  3070E 0 1  9.28E 01  8.88E 0 1  4.45F 01 3.336-02 
F E  59 0.0 8.01E 31 5.05E 0 1  2.00E 0 1  7.95E 00 3.73E-06 0.0 
co  58 0.0 7069E 33  5.74E C3 3.20E 03 1.79E 03 1098E-01 0.0 
C O  63 0.0 2.1CE 0 1  20CtiE 0 1  2.03E C 1  1.99E 0 1  1042E 01  4.03E-01 
N I  43 0.0 1.ORE-02 1.08F-CZ 1.08E-02 1.08E-CZ 1.06E-02 8.65E-03 

CHARGE 9ISCHARGE 30.0 D 90.0 D 150. D 1096. D 10958. D 

SURTOT 0.0 9.38E 93 7.17E 0 3  4.35E 03 2.77E 03 1.58E 02 4.45E-01 

TOTALS 0.0 1.63E 04 7.17E 03 4.35E 03 2.77E 03 1.58E 02 4.45E-01 

CLADDING ACTIVATION I N  A I  LMFBR A T  80000 MWD/TGNNEf 148.1 HW/TONNE 

NUCLIDE GAMMA POWER, MATTS / M E T R I C  TON FUEL CHARGED TO REACTOR 

C R  5 1  0.0 1.18E 01  5.58E 00 1025E C C  2.80E-01 1060E-11 0.0 
YN 5 4  0.0 7.39E 0 2  6.90E 02 6.02E 02 5.25E 02 6.02E 01 9.65E-09 
FE 59 0.0 7.27E 01 4.58E 01 1.82E C 1  7.21E 00 3.39E-00 0.0 
c o  58 0.0 4.46E 03 3.336 03 1.86E 03 1004E 03 1.09E-01 0.0 
CO 60 0.0 2000E 01 1.98E 0 1  1.93E 0 1  1.89E C 1  1.34E 01  3.83E-01 
SUBTOT 0.0 5.30E 03 4.09E C 3  2.50E 03 1.59E 0 3  7.38E 01  3.83E-01 

CHARGE DISCHARGE 30.0 D 90.0 0 150. D 1096. D 10958. D 

TOTALS 0.0 1.08E 04 4.09E 03 2.50E 03 1 0 5 9 E  C3 7.36E 01  3.S3E-01 
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CLADDING A C T I V A T I O N  I N  A I  LMFBR AT 8QOC)CI MWD/TONNEt 148.1 MW/TONNE 

ELEMENT TbFRCAC POWER, WATTS / M E T R I C  TON FUEL CHARGED TO R E A C T O R  
CHARGE DISCHARGE 30. D 9 0 .  D 150. D 1096. 0 10958. D 

H CJ 00 1.17E-G9 1.16E-09 1.15E-09 1*14E-q9 9.88E-lC 2.16E-lC 
C c .C 1.73E-C5 1.73E-05 1.73E-05 1073E-05 1.73E-05 1.72E-05 

NA 0.0 4.22E C 2  1.50E-12 C O O  0 00 0 00 0.c 
P u 00 9054E CG 2022E CO 1022E-01 6.71E-03 3.83E-16 0.C 
S 6.0 1*14E-C7 9.03E-08 5.63E-08 3.51E-98 2.04E-11 0.0 

C L  0 00 3.58E-14 R. 24E-32 8.24E-32 8024E-32 8.24E-32 8.24E-32 
AR 3 00 '4.53E-10 4.79E-22 1.46E-22 4.45E-23 0.0 @.G 

K 0.0 3.53E-C9 6.0 , 0.0 3 00 0.0 3.0 
C A  3 00 5 . 2 7 ~ - 0 6  5 . 4 9 ~ - o e  1. ~ ~ - 0 9  8 , 6 5 ~ - i o  1 . 6 3 ~ - i i  2 . 3 5 ~ - 2 6  
sc 0 i) 1.C)OE-02 1.78E-65 5.41E-C9 3.22E-09 1.31E-12 0.0 

V c r  .a 3.91E 0 3  1.98E-04 1.74E-04 1.54E-G4 2.11E-C'5 2.13E-14 
C R  s .a 2.98E C 2  1.30E 0 2  2.91E GI. 6.5LE 03 3.72E-10 0.0 
MN i; .I? 5054E 03 1.13E 0 3  9.86E G2 806CE 0 2  9.58E 01 1.58E-C8 
F E  c. 00 1.79E G2 1.47E C2 1.13E 02  9.68E 3 1  4045E 0 1  3.33E-02 
C O  0.0 7.71E 0 3  5.76E 0 3  3.23E 03 1.81E 0 3  1043E 01 4.03E-01 
N I  0.3 1.14E C 1  1.C8E-C2 1.OBE-C2 1.08E-02 1006E-02 8.65E-C3 
C IJ 0 00 4.86E-02 1.51E-2C f ' o C  0.c 0.3  0 00 

TDTALS 3 . G  1.83E 0 4  7.17E C 3  4035E 03 2.77E 03 1.58E 02 4.4SE-01 
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APPENDIX D: NUCLIDE DATA LIBRARY FOR A I  REFERENCE OXIDE LMFBR 

Symbols : 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

NUCL = NUCLIDE = 10000 % ATOMIC NO + 10 * MASS NO + ISOMEXIC STATE 

(0 o r  1 )  

DLAM = DECAY CONSTANT ( l / S E C ) .  

FB, FP, FA, F T  = FRACTIONAL DECAY By BETA, POSITRON (OR ELECTRON 

CAPTURE), ALPHA, INTERNAL TRANSITION. FB = 1 - FP - FA - FT 

F B 1 ,  FP1, FNG1, FN2N1 = FRACTION O F  BETA, POSITRON, N-GAMMA, N-2N 

TRANSITIONS TO EXCITED STATE O F  PRODUCT NUCLIDE 

SIGTH, SIGNG, S I G F ,  SIGNA, S I G N P ,  SIGN2N, S I G N 3 N  = CROSS SECTIONS 

(BARNS) FOR ABSORPTION, N-GAMMA, F I S S I O N ,  N-ALPHA, N-PROTON, N-2N, 

N-3N 

Y 2 5 ,  Y 2 8 ,  Y k 9  = F I S S I O N  Y I E L D  (PERCENT) FROM 233-U,  2 3 8 - U ,  239-Pu. 

Q = HEAT PER DISINTEGFUTION.  F G  = FRACTION O F  HEAT I N  GAMMAS O F  

ENERGY GREATER THAN 0.2 MEV. 
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LIGHT ELEMENT LIBRARY FCR ax REFERENCE OXIDE LMFBR 

NULL 
H 1  
H 2  
H 3  

HE 3 
HE C 
HE 6 
L I  6 
LI 7 
L I  8 
B E  e 
B E  9 
B E  1 0  
BE 11 

B 10  
8 1 1  
B 12 
c 12  
C 13 
C 14  
N 13 
N 1 4  
N 15  
N 16 
0 16 
0 17  
0 1 8  
0 19 
F 19 
F 20 

NE 20 
NE 21 
NE 22 
NE 23 
Na 23 
NA 24 
NA 25 
HG 2Q 
MG 25 
MG 26 
HG 27 
AL 27 
AL 2 8  
AL 25 

SI 20 
SI 30 
SI 31 

P 31 
P 32 
P 33 

SI 2e 

LIGHT ELEMENTS. MATERIALS 

DLAM FB1 FP FP1 FT FA 
0.0  0.0 0 . 0  0.0 0 . 0  0.0 
0.0 0 .0  0 . 0  0.0 0.C 0.0 
1.79E-09 0.0 0 . 0  0.0 0.0 0.0 
0 .o 0.0 0 . c  0.0 0 . c  0.0 
0.0 0.0 0 . 0  0.0 0 .0  0.0 
8.56E-01 0 . 0  0 .C 0.0 0.0 0.0 
0.0 0.0 0 . 0  0.0 0:o 0.0 
0 .o 0.0 0 . c  0.0 0 . C  0 .0  
8.25E-01 0 . 0  0 . 0  0.0 0.0 0.0 
5.93E 0 3  0.0 0 .0  0.0 0.0 1.000 
0.0 0.0 0.G 0.0 C . 0  0.0 
8.79E-15 0.0 0 . 0  0.0 0.0 0 .0  
5.10E-02 0 .0  0.0 0.0 0.0 0 .0  
0 .0  0.0 0 . 0  0.0 0.0 0 . 0  
0.0 0 .0  0 . 0  0.0 0.0 0.0 
3 .47E 01 0.0 0 . 0  0.0 0 . 0  0.0 
0.0 0.0 0 . 0  0.0 0.c 0.0 
0 .o 0.0 0 . c  0.0 0.c 0.0 
3.83E-12 0 .0  0 . 0  0.0 0 . 0  0.0 
1.16E-03 0.C 1.000 0.0 0 .0  0 . 0  
0.0 G.0 0.C 0.0 0.0 C . 0  
0 .0 0.0 0 . 0  0.0 0 . 0  0.0 
3.7CE-02 0.G 0 .0  0.0 0.0 0 .0  
0.0 0.0 0 . 0  0.0 G e C  0.0 
0.0 0.0 0 . 0  0.0 0.c 0 .0  
0.0 0.0 0 . 0  0.0 0 . 0  0.0 
2.39E-02 0 . 0  0.C C.0 0.0 0 . 0  
0 .o 0.0 0.0 0.0 C.0  0.0 
4.30E-02 0.0 0 . 0  0.0 0 .0  0.0 
0.0 0 . 0  0.C 0.0 0.0 0.0 
0.0 c.0 0.0 0.0 0 . 0  0.0 
9 .Q 0.0 0.c 0.0 0.0 0.0 
1.94E-02 0.0 0.C 0.0 0.0 0 .0  
0.0 0.0 0 . c  0.0 c.0 0.0 
1.28E-05 0 . 0  0 .0  0.0 0 . 0  0.0 
1.16E-02 0 . 0  0 . 0  0.0 0.C 0.0 
0 . 3  G.0 0 . 0  0.G 0 .0  0.0 
0.0 0 . 0  0 . 0  0.0 0.0 0.0 
0.0 0.0 0.c 0.0 0 . 0  0.0 
1.22E-03 0 . 0  0 . 0  0.0 C.0  0.0 
0 .o 0.0 G . C  0.0 C . 0  0.0 
5.00E-03 0 . 0  C.0 0.0 C . 0  0.0 
1.75E-03 C.0 P.0 0.0 C.0 0 . 0  
0.0 0.0 O d O  0.0 0.0 0 . 0  
0.0 0.0 C.C 0.0 0.0 0 .0  
3 .O G.0 0 . C  0.9 C.C 0.0 
7.35E-05 0.0 3.0 0.0 0.C 0.0  
3 .C 0.0 0.c 0.0 0 . 0  0.0 
5 .6 lE -07  0.0 0.0 0.0 C.C 0 .0  
3.21E-07 0.0 G.0 0.0 C.0 0.0 

OF CONSTRUCTION. AN0 ACTIVATION PRODUCTS 

SIGNG FNGl SIGN2N FNZNl  SIGNA SIGNP 
2.00E-06 0.0 0.0 0.0 0.0 0.0 
1.80E-06 0.0 9.18E-04 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
5.00E-Ob 0.0 0.0 0.0 0.0 3.98E 00 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 4.40E-04 0.0 6.22E-02 4.53E-04 
0.0 0.0 5.70E-05 0.0 5.53E-03 9.61E-06 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 3.06E-04 0.0 5.00E-04 3.60E-Oe 
0.0 0.0 2.8OE-02 0.0 8.25E-03 6.00E-06 
0.0 0.0 4.60E-03 0.0 5.00E-04 3.60E-05 
0.0 0.0 2.25E-02 0.0 1.20E-03 5.00E-06 
0.0 0.0 0.0 0.0 3.04E 00 0.0 
1.10E-02 0.0 7.7OE-07 0.0 1.07E-05 1.60E-07 
3.30E-02 0.0 0.0 0.0 4.10E-05 4 .  8OE-07 
1.56E-03 0.0 0.0 0.0 4.95E-05 2.62E-07 
4.13E-03 0.0 1.76E-03 0.0 2.86E-04 1.1OE-08 
1.00E-03 0.0 0.0 0.0 5.30E-04 7.00E-06 
0.0 0.0 2.20E-06 0.0 6.00E-03 2.206-06 
0.0 0.0 3.10E-01 0.0 1.22E-02 0.0 
0.0 0.0 2.20E-06 0.0 1.43E-06 2.20E-07 
0.0 0.0 6.00E-06 0.0 9.75E-03 0 .0  
6.OOE-04 0.0 1.1OE-08 0.0 6060E-04 1.87E-06 
0.0 0.0 5.23E-03 0.0 0.0 2.20E-07 
6.00E-04 0.0 7.26E-05 0.0 1.65E-04 0.0 
0.0 0.0 0.0 0.0 l.lOE-03 0.0 
2.00E-03 0.0 2.57E-06 0.0 4.35E-03 3.61E-04 
6.00E-03 0.0 7.00E-05 0.0 7.20E-03 1.20E-04 
0.0 0.0 l.lOE-08 0.0 5.50E-03 1.10E-05 
0.0 0.0 3.63E-04 0.0 4.40E-03 7.70E-05 
0.0 0.0 6.60E-06 0.0 8.86E-06 0.0 
0.0 0.0 0.0 0.0 1.76E-05 0.0 
l.7OE-03 0.0 4.50E-07 0.0 8.26E-05 2.41E-04 

1.40E-03 0.0 0.0 0.0 6.60E-05 2.00E-05 
6. lOE-03 0.0 0.0 0.0 L.90E-04 3.16E-04 
1.80E-02 0.0 2.20E-04 0.0 1.87E-03 2.04E-04 
8.20E-03 0.0 3.30E-06 0.0 3.79E-06 2.47E-05 
2.40E-02 0.0 0.0 0.0 3.00E-06 2.00E-05 
2.00E-03 0.0 3.95E-07 0.0 1.60E-04 8.14E-04 
6.00E-03 0.0 0.0 0.0 5.00E-04 3.00E-04 
1.60E-03 0.0 0.0 0.0 LeOOE-04 3.00E-04 
0.0 0 .0  1.1OE-08 0.0 9.60F-05 4.51E-04 
0.0 0.0 7.70E-05 0.0 4.17E-03 3.26E-04 
5.50E-03 0.0 7.70E-06 0.0 1.1OE-05 2.81E-05 
0.0 0.0 0.0 0.0 0.0 0.0 
1.7OE-04 0.0 4.34E-07 0.0 1.46E-04 5.18E-03 
5.10E-04 0 .0  0.0 0.0 0.0 6.0 
1.40E-04 0 .0  0.0 0.0 0.0 6.0 

5.10E-03 0.0 0.0 0.0 2.47E-04 1.00E-04 

0 FG ABUNDANCE 
0.0 0.0 99.985 
0.0 0.0 0.015 
0.006 0.0 0.0 
0.0 0.0 0.000 
0.0 0.0 100.000 
1.580 0.0 0.0 
0.0 0.0 7.420 
0.0 0.0 92.580 
8.490 0.0 0.0 
0.095 0.0 0.0 
0.0 0.0 100.000 
0.0 0.0 0.0 
5.000 0.200 0.0 
0.0 0.0 19.780 
0.0 0.0 80.220 
6.400 0 .012  0.0 

0.0 0.0 1.110 
0.050 0 .0  0.0 
1.490 0.680 0.0 
0.0 0.0 99.630 
0.0 0.0 0.370 
7.520 0.660 0.0 
0.0 0.0 99.759 
0.0 0.0 0.037 
0.0 0.0 0.204 
2.720 0 .420  0.0 
0.0 0.0 100.000 
4.130 0.390 0.0 
0.0 0.0 90.920 
0.0 0.0 0.257 
0.0 0.0 8.820 
2.060 0.078 0.0 
0.0 0.0 100.000 
4.720 0 . 8 7 2  Oat2 
1.910 0 .199  0.0 
0.0 0.0 78.700 
0.0 0.0 10.130 
0.0 0.0 11.170 
2.070 0 . 4 3 2  0.0 
0.0 0.0 100.000 
3.030 0 .590  0.0 
2.340 0.577 0.0 
0.0 0.0 99.280 
0.0 0.0 4.100 
0.0 0.0 3.090 
0.594 0.001 0.0 
9.0 0.0 100.000 
0.695 0 .0  0.0 
0.076 0.0 0.0 

0.0 0.0 98.890 



NUCL 
P 34 
5 32 
s 33 
s 34 
s 35  
S 36 
s 37 

C L  35 
C L  36  
C L  37 
C L  38  
AR 36 
AI? 3 1  
AR 38 
AR 39 
AR 40  
AR 41 

K 39 
K 40 
K 41 
K 42 
K 43 
K 4 4  

CA 40  
CA 41 
CA 42 
CA 43 
CA 4 4  
CA 45 
CA 46 
CA 47 
CA 4 8  
CA 49 
sc 45 
SC 46 
sc 47 
sc 48 
SC 49 
SC 50 
T I  46 
T I  47 
T I  48 
T I  49 
T I  5 0  
TI 51 

v 49 
v 5 3  
V 5 1  
V 5 2  
v 53 

OLAM FB1 
5.53E-02 0.0 
0.0 0.0 
0 .o 0.0 
0.0 0.0 
9.12E-08 0.0 
0.0 0.0 
2.28E-03 0.0 
0 .o 0.0 
7.09E-1'4 0.0 
0 .o C. 0 
3.10E-04 0.0 
0.0 0.0 
2.29E-07 0.0 
0 .o 0.0 
0.0 0.0 
0 .o 0.0 
1.05E-04 0.0 
0 .o 0.0 
1.69E-17 0.0 
0.0 0.0 
1.55E-05 0.0 
8.60E-06 0.0 
5e25E-04 0.0 
0.0 0.0 
2.75E-13 0.0 
0 .o 0.0 
0.0 0.0 
0 .o 0.0 
4.86E-08 C.0 
0 .o 0.0 
1.77E-C6 0.0 
0 .o O.@ 
1.31E-03 0.0 
O.@ 0.0 

2.34E-06 0.0 
4.38E-06 0.0 
2.01E-04 0.0 
6.72E-03 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.3 0.0 
1.99E-03 0.0 
2.43E-08 0.0 
0.0 0.0 
0.0 0.0 
3.43E-03 0.0 
5.78E-03 0 .0  

9 . 5 6 ~ - o a  0.0 

L I G H T  ELEMENT L I B P A R Y  FOR A I  REFERENCE OXIDE LMFBR 

L I G H T  ELEMENTS,  M A T E R I A L S  OF C O N S T R U C T I O N t  AN0 A C T I V A T I O N  PRODUCTS 

F P  FP1 F T  
0.0 0.0 0.0 
0.c 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.c 

0.0 0.0 
0 .c  0.0 
0.0 0.0 
1.000 0.0 

n.c 0.019 0.0 

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 . c  0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
1.000 0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .c  
0.0 
0.0 
0.0 
0.0 
0.0 
0. c 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

o.n 

1.coo 0.0 
0.0 0.0 
0.c 0.0 
0.0 0.0 
0 . c  0.0 

0.0 
c.0 
0.0 
0.0 
0.0 
C.. C 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
9.0 
0.0 
0.0 
0.0 
C . 0  
0.0 
G.0 
0. C 
0.0 
0.0 
0.c 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

F A  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
O.@ 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

S I G N G  F N G l  
4.00E-04 0.0 
1.9OE-04 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
4.30E-03 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
1.90E-03 0.0 
0.0 0.0 
2.00E-03 0.0 
0.0 0.0 
1.00E-03 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
1.90E-03 0.0 
0.0 ' 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0 . 0  
0.0 0.0 
0.0 O.@ 
2.78E-02 0.0 
1.67E-01 0.0 
7.00E-02 0.0 
2.60E-01 0.0 
l . lOE-01 0.0 
4.20E-01 0.0 
1.54E-02 0.0 
2.80E-02 0.0 
5.36E-03 0.0 
9.74E-03 0.0 
2.03E-03 0.0 
3.65E-03 0.0 
3.44E-03 0.0 
1.30E-02 0.0 
5.39E-03 0.0 
2.06E-02 0.0 
8.50E-03 0.0 

S I G N Z N  F N Z N l  S I G N A  S l G N P  Q F G  ABUNDANCE 
0.0 0.0 
5.50E-08 0.0 
5.506-05 0.0 
3.30E-06 0.0 
0.0 0.0 
1.87E-05 0.0 
0.0 0.0 
3.20E-07 0.0 
8.25E-05 0.0 
1.21E-05 0.0 
0.0 0 .o 
9.90E-08 0.0 
0.0 0.0 
2.20E-06 0.0 
0.0 0.0 
2.42E-05 0.0 
0.0 0.0 
1.90E-07 0.0 
2.OCF-04 0.0 
1.656-05 0.0 
0.0 0.c 
0.0 0.0 
0.0 0.0 
3.30E-OB 0.0 
0.0 0.0 
4.40E-06 0.0 
1.98E-04 0.0 
5.50E-06 0.0 
0.0 0 .o 
3.ORE-05 0.0 
0.0 0.0 
6.3CE-05 0.0 
0.0 0.0 
9.27E-06 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
9.56E-07 0.0 
8.00E-05 0.0 

1.76E-04 0.0 
7.70E-06 0.0 
0.0 0.0 
0.0 0.0 
5.50E-05 0.0 
2.33E-05 0.0 
0.0 0.0 
0.0 0.0 

4.40E-06 0.0 

0.0 0.0 4.160 0.128 0.0 
6.14E-03 9.43E-03 0.0 0.0 95.000 
7.2hE-03 7.15E-03 0.0 0.0 0.760 
2.75f-04 6.93E-05 0.0 0.0 4.220 
0.0 0.0 0.048 0.0 0.0 

0.0 0.0 3.560 0 . 7 8 0  0.0 
3.85E-06 2.20E-08 0.0 0.0 O.C.14 

1.54E-03 2.15E-03 0.0 0.0 75.730 
2.756-03 0.0 0.314 0.0 0.0 
1.07E-04 4.00E-05 0.0 0.0 24.470 
0.0 0.0 3.100 0.525 0.0 
8.42E-03 2.00E-02 0.0 0.0 0.337 
0.0 0.0 0.814 0.0 0.0 
2.426-04 7.70E-05 0.0 0.0 0.063 
0.0 0.0 0.234 0.0 0.0 
6.25E-06 9.90E-07 0.0 0.0 99.600 
0.0 0.0 2.590 0.200 0.0 
1.40E-03 2.01E-02 0.0 0.0 93.100 
5.17E-03 0.0 0.0 0.0 0.012 
3.92E-04 3.32E-04 0.0 0.0 6.880 
0.0 0.0 1.760 0.204 0.0 
0.0 0.0 1.290 0.763 0.0 
0.0 0.0 3.300 0 . 5 3 4  0.0 
7.69E-04 5.53E-03 0.0 0.0 96.970 
0.0 0.0 0.427 0.0 0 . C  
2.64E-04 3.33E-04 0.0 0.0 0.640 
9.24E-04 3.74E-04 0.0 0.0 0.145 
8.46E-06 2.46E-05 0.0 0.0 2.060 
0.0 0.0 0.1C3 0.0 0.0 
2.20E-08 Q.90E-08 0.0 0.0 0.003 
0.0 0.0 1.460 0.744 0.0 
0.0 0.0 0.0 0.0 0.180 
0.0 0.0 4.070 0.783 0.0 
5.98E-05 2.43E-03 0.0 0.0 100.000 
0.0 0.0 2.370 0.849 0.0 
0.0 0.0 1.460 0.745 0.0 
0.0 0.0 3.570 0.939 0.0 
0.0 0.0 0.825 0.0 0.0 
0.0 0.0 1.640 0.699 0.0 
7.26E-05 1.30E-03 0.0 0.0 7.930 
6.05E-04 2.39E-03 0.0 0.0 7.280 
1.6BE-05 1.35E-04 0.0 0.0 73.940 
8.726-05 3.49E-04 0.0 0.0 5.510 
8.81E-07 1.45E-05 0.0 0.0 5.340 
0.0 0.0 1.180 0 . 2 5 0  0.0 
0.0 0.0 0.620 0.0 0.0 
2.31E-04 0.0 0.0 0.0 0.240 
6.60E-06 1.26E-04 0.0 0.0 99.760 
0.0 0.0 2.610 0.550 0.0 
0.0 0.0 1.890 0.528 C.0 



LIGHT ELEMENT L1RP.ARY FOR A I  REFERENCE O X I D E  LMFBR 

LIGHT ELEMENTS, PATERIALS OF CONSTRUCTION, AN0 ACTIVATION PRODUCTS 

NULL 
v 54 

CW 5 0  
C R  E l  
C R  52 
CP 53 
CR 51. 
CR 55 
MN 54 
nN 5 5  
MN 56 
MN 57 
MN 5E 
FE 54 
FE 55 
FE E5 
FE 5 7  
FE 5 E  
FE 5s 
co 59Y 
co 5 s  
co 53 
CO 63M 
CO 60 
CO 5 1  
co 52 
N I  5R 
N! 59 
N I  6 0  
NI  6 1  
N I  42 
N I  53 
N I  56 
N1 45 
CU 62 
cu 53 
CU 64 
CU h 5  
CU S 6  
N8 92 
NR 9 3 Y  
N8 03 
NB 7 k  
NB 9 5  
NU 36 
NB 37 
MO 92 

MO 9 3  

MO 95 

no 53w 

no 94 

DLAM 
1.ZSE-02 0.0 
0.0 0.c 
2.OFE-07 9.0 
0.3 0.0 
0.0 9.0 
n .a 0.0 
3.3OF-03 O.C 
2.55E-OA 0.C 
0.0 0.0 
7.4bE-05 0.C 
6.90s-03 0.0 
1.05t-02 0.9 
0.3 0.0 
9.45E-G9 0.5 
0.0 9.0 
0.9 0.0 
0.0 0.0 
1.7dE-0' 0.0 
2.14E-C5 0.0 
1.13E-C7 0.0 

l . lOE-03 0.0 
C.10E-09 0.0 
1.17E-04 C.0 
3.31E-04 0.0 
3.3 0.0 
2.75E-13 0.0 
0 .o 0.0 
0.9 0.0 
0.3 0.0 
2.39E-10 0.0 
0.0 0.0 
7.52E-05 0.0 
1.18F-03 C.0 
3 .O 0.0 
I.5OE-OC 0.0 
0 .o 0.0 
2.27E-03 0.C 
7.9OF-07 0.0 
1.62E-09 0.0 
0.0 0.0 
1 .1OE-15  0.0 
2.295-07 0.0 
?.37E-06 0.0 
1.505-04 0.0 
0.0 0.0 
2.79E-05 C.O 
2.rr4E-12 0.0 
0.0 0.0 
0.0 0.0 

3.3 0.0 

FP F P 1  
0.0 0.0 
0.0 0.0 
1.ccc 0.C 
0.0 0.c 
0.0 O.C 
0.0 0.0 
0.c 0.0 

0.c 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.3 
1.0co 0.0 
0.0 0.0 
0.0 0.0 
0 .c  0.0 
0.t 0.C 
0.0 c.0 
1.coo c.0 
0.t 0.0 
0.C 0.3 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
1.000 0.0 
0 .c  0.0 
9.0 0.0 
0.0 0.3 
0.c 0.0 
0.0 0.0 
0.0 0.0 
1.000 0.0 
0 . F  0.0 
0.62C 0.0 
0.0 c.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.c  0.0 

i.oco 0.0 

0.0 
0.0 
@.O 
0.0 
c. 0 
1.000 
0.0 
0.0 

F T  
0.9 
0. c 
0. C 
O.C 
c.. C 
0. c 
0.0 
0. 0 
c.0 
C.C 
c.c 
0.0 
c. 0 @. 0 
c. c 
0. C 
@.C 
0.C 

FA 
0.0 
G.0 
0.0 
C.3 
0.0 
0.0 
C.0 
0.0 
0.0 
0.0 
0.0 
0.G 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1.coo 0.0 
c.c 0.0 
0.0 0.0 
0.997 0.0 
G.0 
0.c 
C.C 
0.0 
6.0 
G.C 
0.0 
c.0 
r.c 
C . 0  
C.C 
0.0 
c.0 
c.c 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
G.O 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1.coo 0.0 
0.c 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 
0.0 
0.0 0.c 0.0 
0.0 0.c 0.0 
0.0 G.C 0.0 
0.950 C.C 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 

SIGNG FNGl 
3.15E-02 O.C 
1.25E-02 0.0 
4.04E-01 0.C 
1.53E-C3 0.0 
1.42E-01 0.0 
6.50E-04 0.0 
1.70E-02 0.0 
4.63E-02 0.0 
1.93E-02 0.0 

3.06E-02 0.0 
1.17E-01 0.0 
1.21E-02 0.0 

1.ClE-02 0.0 
3.22E-02 0.0 
8.32E-03 0.0 
2.69E-02 0.0 
6.02E-02 0. C 
3.01E-02 0.0 
1.20E-02 0.0 
8.YSE-02 0.0 
4.45E-02 0.C 
1.99E-02 0.6 
7.34E-02 0.0 
7.21E-03 0.0 
2.04E-02 0.0 
6.01E-03 0.P 
1.72E-02 0.0 
4.89E-03 0.0 
1.44E-02 0.0 
4.00E-03 0.0 
1.20E-02 0.0 
7.31E-02 0.0 
2.20E-02 0.0 
6.00E-02 0.0 
1.80E-02 0.0 
4.84E-02 0.0 
0.0 0.0 
1.08E-01 C.0 
1.08E-01 0.0 
8.46E-01 0.0 
3.93E-01 0.0 
1.79E 00 0.0 
5.11E-01 0.0 
2.83E-02 0.0 
2.44E-02 0.0 
1.22E-02 0.0 
3.28E-02 0.0 
1.41E-01 0.0 

7.17E-02 0.0 

3 . e ~ - 0 2  0.c 

SIGN2N FN2Nl SIGN4 SICNP 0 FG ABUNDANCE 
0.0 O.@ 
4.69E-07 0.C 
0.0 0.0 
9.05E-06 0.0 
2.97E-04 0.0 
1.21F-04 0.0 
0.0 0.0 
0.0 0.. 0 
5.5OE-05 0.0 
0.0 0.0 
0.0 0.0 
0.0 0 .o 
6.RIE-07 0.0 
0.9 0.0 
7.70E-06 0.0 
3.30F-@4 0.0 
2.20E-05 0.0 
0.0 0.0 
O.@ 0.c 
3.0 0.0 
3.616-05 0.0 
2.60E-04 0.0 
1.30E-04 0.0 
0.0 0.0 
0.3 0.0 
6.85E-07 0.0 
0.0 0.0 
7.70E-06 0.0 
1.43E-04 0.0 
1.98E-05 0.0 
0.0 0.0 
4.95E-05 0.0 
0.0 0.0 
0.0 0.0 
2.12E-05 0.0 
0.0 0.0 
7.68E-05 0.0 
0.0 0.0 
0.0 0.0 
7.09E-05 0.0 
7.09E-05 0.0 
0.25E-04 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
4.02E-06 0.0 
0.0 0.0 
0.0 0.0 
5.50E-05 0.0 
9.13E-04 0.0 

0.0 0.0 5.460 0.740 0.C 
1.05E-04 2.85E-03 0.0 0.0 4.310 
0.0 0.0 0.749 0.043 0.0 
E.03E-06 3.19E-03 0.0 0.0 83.760 
3.30E-04 1.62E-04 0.0 C.0 9.550 
5.06E-06 4.40E-07 0.0 0.0 2.380 
O.@ 0.0 1.230 0.0 0.0 
o.oi 0.0 1.360 0.610 0.0 

0.0 0.0 2.7C'@ 0.670 0.0 
3.42F-04 1.69E-04 0.0 0.0 100.000 

0.0 0.0 1.530 0.460 0.0 
0.0 0.0 3.020 0.438 0.0 
5.02E-04 1.13E-02 0.0 0.0 5.P20 
G. 0.0 0.220 0.0 0.0 
3.85E-05 2.63E-04 0.0 0.0 91.660 
3.R5E-04 9.77E-05 0.0 0.0 2.190 
5.17E-04 t.97E-05 0.0 0.C C . 3 3 0  
0.9 0.0 1.306 0.908 0.0 
0.0 0.0 0.025 0 . 0  0.0 
0.0 0.0 3.160 0.580 0.0 

1.44E-04 3.16E-04 0.063 0.063 0.0 
7.20E-05 1.58E-04 2.630 0.950 0.0 

4.00E-05 2.84E-04 0.0 0.0 100.000 

0.0 0.0 0.556 0.0 0.0 

3.10E-04 1.70E-02 0.0 0.0 67.1380 
0.0 0.0 3 . 8 5 0  0.740 0.0 

2.20E-03 1.3ZE-03 0.0 0.0 0.0 
1.41E-04 2.83E-04 0.0 0.0 26.230 
5.02E-04 2.P6E-06 0.0 0.0 1.190 
7.63E-06 2.40E-05 0.C 0.0 3.66@ 
0.0 0.0 0.027 0.0 0.0 
4.34E-07 1.42E-06 O.@ 0.0 1.080 
0.0 0.0 1.210 0.690 0.0 
0.0 0.0 2.330 0.440 0.0 
8.71E-05 1.36E-03 0.0 0.0 69.090 
0.0 0.0 1.030 0.190 0.0 
1.58E-05 6.20E-05 0.0 0.0 30.010 
0.0 0.0 1.160 0.000 0.0 
0.0 0.0 2.010 0.465 0.0 

4.5AE-05 1.54E-04 0.0 0.0 lOO.@OO 

0.0 0.0 0.809 0.945 0.0 
0.0 0.0 2.610 0.900 0.0 
0.0 0.0 1.160 0 . 5 8 0  0.0 
5.93E-06 3.64E-04 0.0 0.0 15.840 
0.0 0.0 2.470 1.000 0.0 
0.0 0.0 0.420 0.0 0.0 
7.26E-05 9.13E-05 0.0 0.0 9.040 
4.07E-04 5.17E-05 0.0 0.0 15.720 

6.58E-05 1.54E-04 0.030 0.0 0.0 

2.31E-04 5.50E-03 L O 7 0  0.799 0.0 



NUCL DL4H FBI 
HO 95 0.0 0.0 
YO c 7  0.3 0.9 
flu 9R (r.0 0.0 

H O l O O  c.3 0.0 
M O l C l  7.71E-04 0.0 
TC 9 Q H  3.21E-35 0.0 
T C  39 1.05F-13 0.0 
T C l O i  B.25E-04 0.0 
RUlOl  0.C 9.0 

W l E O  0.0 0.0 
h191 C.73E-06 0.0 
W l 8 L  P.0 0.0 
U l n 3 M  1.315-01 0.0 
k:R3 3.0 0.0 
U18‘ 0.3 0.0 
Y l A S Y  7.22E-03 0.0 
id165 1.07C-07 0.0 
w135 c.0 0.0 

PB2C6 0.0 0.0 
PB2Co 5.93E-05 0.0 
B12C9 3.1) 0.0 
81204 c.3 0.0 
RI213H c.0 0.c. 
R l 2 l D  1.60E-06 0.0 
PO213 5.80E-06 0.0 

Mn = a  2 . a 7 ~ - 0 6  0.0 

wi87 1.06~-06 n.0 

LIGHT ELEMENT LI8RARY FOR A I  REFEHENCE O X l O E  LMFBR 

LIGHT ELEPENTSI MATERIALS OF CONSTRUCTIONI AND ACTIVATION PRODUCTS 

FP FP1 FT FA 
0.0 c.0 
0.0 G.0 
9.0 c.0 
0.0 0.9 
0.0 0.0 
0.0 0.0 
c.0 9.0 
c.0 0.0 
0.0 c.0 
0.0 0.0 
0.0 0.0 
1 . 0 0 0  c.0 
0.c 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.C 0.0 
0.0 0.0 
9.c 0.0 
0.0 0.0 
0.c 0.0 
0.c 0.0 
0.0 0.0 
0.0 0.0 
c.c 0.0 

0.0 0.0 
0.0 0.0 
0.c 0.0 
0.c 0.0 
c . c  0.0 
c.c 0.0 
c.0 0.0 
c.c 0.9 
0.c 0.0 
c.0 0.0 
0.c F.0 
0.0 0.0 
0.3 0.0 
1.000 0.0 

c.0 0.c 
1.coo 0.0 
c.c 0.0 
C.0 0.0 
6.0 0.0 
0.0 @.O 
0.c 0.0 
0.0 0.0 
0.9 c.0 
0.0 0.0 

0.9 n.0 

.~ 
c .c  0 . 0  

SICNG FNGl 
3.73E-02 0.0 

4.32E-02 0.0 
1.61E-01 0.0 

1.84E-01 0.0 
4.91E-02 0.0 
2.C8E-01 @.O 
2.04E-01 0.0 
2.04E-01 0.0 
1.99E-01 0.0 
5.11E-01 0.0 
1.79E-01 0.0 
3.F4E-01 0.C 
9.86E-02 0.0 
2.18E-01 0.9 
2.18E-Ol  0.0 
6.84E-02 0.0 
2.13E-01 0.C 
2.13E-01 0.0 
9 . 2 6 6 0 2  0.0 
3.16E-01 0.0 
3.40E-03 0.0 
1.9%-03 0.0 

4.q3E-03 0.c 
i . 8 5 ~ - 0 2  0.0 

2.67E-02 0.0 
.. 2.67F-02 0.0 

‘2.0 1.OOP 2.30E-03 0.0 

SIGN2N FN2Nl SIGNA SIGNP 0 F G  4BUNOANCE 
1.01E-04 0.0 3.22E-05 2.62E-05 0.0 0.0 16.530 
1.105-03 0.C 
2.53F-04 0.0 
0.0 0.0 
5.31E-04 0.0 
0.0 0.0 
l. lOF-04 0.0 
l.lOE-04 0.0 
0.0 0.0 
1.16E-03 C . 0  
2.97F-04 0.0 
0.0 O.C 
4.51E-04 0.0 
2.09E-03 0.C 
2.C9F-03 0.0 
7.41E-04 0.0 
3.0 0.0 
0.Q 0.0 
8.43E-04 0.0 
0.0 0.0 
3.96E-04 0.0 
0.3 0.0 
1.97E-03 0.0 
4.45E-04 0.0 
2.OLE-02 0.0 
2.04E-02 0.0 
5.72F-cc 0.0 

1.46E-04 0.39E-05 0.0 0.0 9.460 
7.15E-06 1.02E-06 0.0 0.0 23.780 
0.0 0.0 0.758 0.290 0.0 
2.06E-06 2.39E-07 0.0 0.0 9.h3@ 
0 . c  Q.0 1.950 0.680 0.0 
3e43E-06 1.04E-05 0 .143  0.0 0.0 
3.43E-06 1.04E-CS 0.290 0.C 0.0 
0.0 0.0 O.RO3 0.410 0.0 
1.21E-04 5.18E-05 0.0 0.0 17.070 
6.60E-08 9.90E-06 0.0 0.0 0.140 
0.0 F.0 0.170 0.0 0.0 
1.1GE-08 2.23E-06 0.C 0.0 25.410 
1.10E-08 R.80E-07 0.260 0.0 0.0 
1.105-08 9.80E-07 0.0 0.0 14.400 

0.0 0.0 0.290 0.0 0.c 
0.0 0.0 0.160 0.0 0.0 

0.0 O.@ 0.865 0.670 0.0 
0.0 l.lOE-06 0.0 0.0 23.600 
c.0 0.0 0.195 0.0 0.0 
1.1OE-08 3.05E-04 0.0 0.0 0.0 

1.1OE-06 3.ROE-C6 0.0 0.0 0.0 

2.00€-04 0.0 5.108 C.0 0.0 

7.3e~-o8 s .77~-07 0.0 0.0 30.640 

i . eeE-oe  7.01~-07 0.0 0.0 28.410 

7.15.5-08 5.68E-07 0.0 0.0 100.000 

1.105-06 8.80E-06 0.445 0.0 0.0 



399 

NUCLlOt L I B R A R Y  FUR A I  REFEHENCE tiXlOE LHFBR 

F I S S I O N  PRODUCTS 

NULL OLAH F @ l  FP 
10333 1.79E-09 0.0 0.0 

300720 4.14E-06 0.0 0.0 
310723 1.37E-05 0.0 0.0 
320720 0.0 0 . c  0.0 
310730 3.93E-05 0.0 3.0 
320730 0.0 0.0 0.0 
310740 1.i6E-03 0.0 0.0 
320740 0.0 0.0 0.0 
310750 5.73E-03 0.960 0.0 
320751 1.445-02 0.0 0.0 
320753 1.41E-04 0.0 0.0 
330750 0.0 0.0 0.0 
310760 2.17E-02 0.0 0.0 
320760 0.0 0.0 0.0 
330763 7.27E-'36 0.0 0.0 
340760 0.0 0.0 0.0 
320771 1.29E-02 0.0 0.0 
320770 l.7OE-05 0 . G  0.0 
330773 4.98E-C6 0.003 0.0 
340771 3.96E-02 0.0  0.0 
340770 0.0 0.0 0.0 
320783 1.31E-04 0.0 0.0 
330781 1.93E-03 0.0 0.0 
330783 1.27E-04 0.0 0.0 
340780 0.0 0.0 0.0 
330790 1.28E-03 1.000 0.0 
340791 2.96E-03 0.0 0.0 
340790 3.38E-13 0.0 0.0 
350790 0.0 0.0 0.0 
330803 4.53E-02 0.0 0.0 
340800 0.0 0.0 0.0 
350801 4.4OE-05 0.0 0.0 

F P l  F l  S l G N G  FN61 Y25 V28 Y 49 0 FG 
0.0 0.0 0.0 1.2OE-02 1.40E-02 2.50E-02 0.006 0.0 0.0 

0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0 .0  
0 .0  
0.0 
0.0  
0.0 
0.0 
0.0 
0.0  
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0  
0.0 
0 . 0  
0.0 

350800 6.56E-04 0.0 0.080 0.0 
360803 
330810 
340811 
34081 3 
350813 
360811 
360810 
340823 
350821 
350820 
360820 
340831 
340830 
350830 
360831 
360833 
340840 

0.0 0.0  0 . 0  
2.1OE-02 1.G00 0.0 
2.03E-04 0.0 0.0 
6.21E-04 0.0 0.0 
0.0 0.0 0.0 
5.33E-02 0.0 0 .0  
0.0 0.0 0.0 
0.0 0.0 0.0 
1.89E-03 0.0 0.0 
5.45E-06 0.0 0.0 
0.0 0.0 0.0 
9.90E-03 0.0 3.0 
4.62E-04 0.0 0.0 
7.99E-05 1.000 0.0 
1.04E-04 0.0 0.0 
0.0 0.0 0.0 
3.50E-03 0.0 0.0 

0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 3.15E-03 0.0 1.52E-03 1.00E-04 1.20E-03 0.246 0.084 
3.460 0.860 
0.0 0.0 

~~ 

0.0 1.45E-01 0.0 0.0 0.0 0.0 
0.0 2.81E-02 G.0 C.0 0.0 0.0 
0.0 3.70E-02 0.3 1.90E-04 2.00E-04 0.0 
0.0 8.80E-02 0.0 0.0 0.0 0.0 
0 .0  1.12E-01 0.0 3.32E-02 7.00E-04 0.0 
0.0 1.78E-02 0.400 0.0 0.0 0.0 
0.0 2.83E-02 0.0 3.79E-02 1.0GE-03 0.0 
1.000 5.39E-02 0.3 3.79E-02 0.0 0.0 
0.0 5.39E-02 0.3 0.0 0.0 0.0 
0.0 i .98E-01 0.0 0.0 0.0 0.0 
0.0 8.60E-02 0.0 9.69E-03 2.00E-03 0.0 
0.0 1.03E-02 0.500 9.49E-03 0.0 0.0 
0.0 6.42E-01 0.0 0.0 0.0 0.0 
0.0 1.6215-01 0.259 0.0 0.0 0.0 
0.240 3.25E-02 0.3 5.12E-02 2.60E-03 0.0 
'2.0 3.25E-02 0.3 3.51E-02 1 2 0 E - 0 3  0.0 
0.0 1.62E-01 0 .0  0.0 0.0 0.0 
1.000 4.26E-01 0.0 0.0 0.0 0.0 
0.0 4.266-01 0.0 0.0 0.0 0.0 
0.0 6.34E-03 0.0 1.7lE-01 1.60E-02 0.0 
1.500 0.0 0.0 0.0 0.0 0.0 
C . 0  5.07E-01 0.3 1.90E-02 0.0 0.0 
0.0 7.13E-02 0.875 0.0 0.0 0.0 
0.0 1.26E-01 0.0 3.79E-01 3.00E-a2 0.0 
1.000 1.82E-01 0.0 0.0 0.0 0.0 
0.0 1.82E-01 0.0 0.0 0.0 0.0 
0.0 5.54E-01 0.254 0.0 3.00E-06 0.0 
0.0 3.76E-01 0.3 1.52E-01 7.00E-02 0.0 
0.0 2.97E-02 G.200 0.0 0.0 0.0 
1.OGO 1.17E 00 0.0 0.0 7.00E-06 0.0 
0.0 1.17E 00 0.0 0.0 0.0 0.0 
0.0 3.04E-02 0.0 0.0 0.0 0.0 
0.0 9.11E-02 0.0 2.37E-01 7.00E-03 0.0 
1.000 7.52E-02 0.0 1.59E-02 0.0 0.0 
0.0 7.52E-02 0.0 0.0 l.lOE-01 0.0 
0.0 1e66E-01 0.0 0.0 0.0 0.0 
1.000 0.0 0 .0  C.G 0.0 0.0 
0.0 1.86E-01 0.0 0.0 0.0 0.0 
0.0 1.19E-02 0.920 7.2lE-05 
1.000 0.0 0.0 0.0 
0.0 3.52E-01 0.0 0.0 
0.0 6.32E-02 1.000 0.0 
0.0 2.93E-02 0.0 5.69E-01 
0.0 2.93E-02 0.0 3.4lE-01 
0.0 6.92E-02 0.0 0.0 
1.000 2.17E-01 0.0 0.0 
0.0 2.17E-01 0.0 0.0 
0.0 4.55E-03 0.0 1.16E-01 

2 :2 OE -0 1 
3.00E-05 
0.0 
0.0 
3.50E-02 
2.60E-01 
0.0 
0.0 
1.50E-01 
7 8OE-01 

0.0 
0.0 
0.0 
0.0 
2.40E-01 
1.72E-01 
1.68E-01 
0.0 
0.0 
6.00E-02 

0.673 0.0 
0.0 0.0 
4.030 0.720 
0.0 0.0 
2.030 0.285 
0.140 0.0 
0.464 0.071 
0.0 0.0 
3.280 0.170 
0.0 0.0 
2.370 0.180 
0.0 0.0 
1.100 0.017 
1.770 0.660 
0.235 0.021 
0.161 0.0 
0.0 0.0 
0.521 0.540 
0.500 1.000 
2.250 0.360 
0.0 0.0 
0.0 0.0 
0.096 0.0 
0.064 0.0 
0.0 0.0 
3.090 0.210 
0.0 0.0 
0.086 0.0 
0.875 0.130 
0.0 0.0 

0.103 0.0 
0.828 0.340 
0.0 0.0 
0.190 0.0 
0.0 0.0 
0.0 0.0 
0.046 0.0 

0.0 0.0 
1.680 0.0 

0.387 0.0 
0.042 0.0 
0.0 0.0 
1.200 0.0 

1.670 0.0 

2.787 0.950 

2.670 0.750 



NULL OLAM 
350841 1.93E-03 
350843 3.63E-04 

340853 1.78E-02 
350850 3.85E-03 
360851 4.38E-05 
360850 2.04E-09 
370850 0.0 
350860 1.28E-02 

360843 0.0 

400 

NUCLIDE LIBRARY FOR A I  REFEKkNCE U X I O E  LMFBR 

FISSION PROOUCTS 

FB1 FY 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
1.000 0.0 
0.0 
0.0 
0.0 
O.@ 

360863 0.0 0.0 
370861 1.11E-02 0.0 
370860 4.30E-07 0.0 
380860 0.0 0.0 
350870 1.26E-02 0.0 
360873 1.52E-04 0.0 
370870 4.39E-19 0.C 
380871 6.80E-05 0.0 
380870 0.0 0.0 
350680 4.33E-02 0.0 
360380 6.88C-05 0.0 
370880 6.49E-04 0.0 
380880 0.0 0.0 
350833'-1..54E-01 0.0 
360933 3.61E-03 0.0 
370890 7.5QE-04 0.0 
380d90 1.54E-07 0.0 
390890 0.0 0.0 
360903 2.1OE-02 0.0 
370900 3.99E-03 0.0 
380900 7.82E-10 0.0 
390501 6.21E-05 0.0 
390900 3.01E-06 0.0 
400900 0.0 0.0 
360913 6.93E-02 0.0 
370910 9.63E-03 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0 . 0  
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0  
0 . 0  
0 . 0  
0.0 
0.0 
0 . 0  
0 . 0  
0.0 
0.0  
0 . 0  
0 . 0  

380910 1.99E-05 0.590 0.0 
390911 2.31E-04 0.0 0.0 
390913 1.36E-07 0.0  0.0 

360923 2.31E-01 0.0 0.0 
400910 0.0 0.9 0 . 0  

370920 1.31E-01 0.0 0.0 
380920 7.10E-05 0.0 0.0 
390923 5.45E-05 0.0 0.0 
40G920 0.0 0.0 0.9 
360933 3.Q7E-01 0.0 0.0 
370930 1.24E-01 0.0 0.0 
380933 1.44E-03 0.0 0.0 
390933 1.89E-05 0.0 0.0 
400933 1.46E-14 1.000 0.0 
410931 1.62E-09 0.0 0.0 

F P l  
0 . 0  
0 . 0  
0.0 
0 .0  
0 . 0  
0.0 
G.0 
0.0 
0.0 
0.0  
0.0 
0.0 
0 .0  
0.0 
0.0  
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0  
0 .0  
0 .0  
0 .0  
0 . 0  
0.0 
0.0  
0 .0  
0.0 
0.0 
0.0 
0 .0  
0 .0  
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 

FT S I G N G  F N 6 l  
0.0 1.94E-01 3.3 

0.0 3.3bE-02 0.714 

0.0 4.67E-02 0.0 
C.230 8.69E-02 0.0 
0.0 ti.69E-02 0.G 

0.0 1.50E-01 0.3 
0.0 1.03E-02 0.0 

0.0 1.94E-01 0.3 

0.0 1.12E-02 0.0 

0.0 7.89E-02 0.3 

1.000 1.80E-01 0.0 
0 .0  1.3OE-01 0.0 
0.0 3.00E-02 1.000 
C.0 3.95E-02 0.3 
0.0 Z.25E-02 0.0 
0.0 2.7oE-02 0.0 

0.0 4.26E-02 0.0 

0.0 5.14E-03 0.0 
0.0 5.41E-02 0.0 
0.0 2.76E-03 0.0 

0.0 1.42E-02 0.3 

0.993 4.26E-02 0.0 

0.0 1.27E-01 0.3 

0.0 3.40E-02 0.3 

C.0 8.83E-03 0.0 
0.0 3.08E-03 0.0  
0.0 6.89E-03 0.0 

0.0 2.25E-02 0.0 
0.0 1.58E-04 0.0 
1.000 3.94E-02 0.0 
0.0 3.94E-02 0 .0  
0.0 5.31E-03 0.0 
0.0 1.11E-02 0.0 
0.0 4.93E-03 0 .0  
0.0 1.38E-04 0.0 
1.000 1.65E-02 0.0 
0.0 1.65E-02 0.0 
0.0 2.64E-02 0.0 
0.0 3.04E-03 0.0 
0.0 1.54E-02 0 .0  
0.0 5.00E-06 0.0 

0.0 7.87E-03 0.0 

0.0 3.95E-03 0.0 

0.0 8.08E-02 0.0 

0.0 8.30E-03 0.0 
0.0 3.95E-03 0.3 
0.0 4.00E-06 0 . 3  
0.0 2.8OE-02 0.0 
0.0 3.94E-02 0.0 
1.000 1.08E-01 0.3 

Y25 Y28 Y49 Q FG 
3.60E-02 1.60E-02 2.OOE-02 3.660 0.790 
1.75E 00 0.0 8.60E-01 2.870 0.500 
0.0 5.20E-02 0.0 0.0 0.0 
1.04E 00 4.27E-01 2.52E-01 3.200 0.0 
3.796-01 0.0 1.60E-01 1.050 0.0 
0.0 2.ZOE-01 0.0 0.407 0.172 
c.0 8.90E-02 1.27E-01 0.271 0.008 
0.0 0.0 0.0 0.0 0.0 
1.92E 00 1.38E 00  7.60E-01 3.230 0.0 
0.0 0.0 0 .0  0.0 0.0 
0.0 2.00E-06 0.0 0.560 1.000 
2.66E-05 0.0 2.30E-05 0.794 0.116 
0.0 0.0 0.0 0.0 0.0 
2.56k 00 1.80E 00 9.20E-01 5.650 0.670 
0.0 0.0 0.0 2.430 0.440 
0.0 0.0 0.0 0.110 0.0 
0.0 0.0 0.0 0.336 1.000 
0.0 0.0 0.0 0.0 0.0 
2.75E 00 2.50E 00  l . lOE 00 4.050 0 .0  
7.59E-01 0.0 3.20E-01 2.030 0.830 
0.0 0.0 0.0 2.690 0.210. 
0.0 0.0 0.0 0.0 0.0 
1.90E-01 2.78E 00 7.00E-02 3.270 0.0 
4.17E 00 0.0 1.64E 00 2.740 0.475 
1.90E-01 0.0 0.0 2.990 0.800 
0.0 1.2OE-01 0.0 0.607 0.0 
0.0 0.0 0.0 0.0 0.0 
4.93E 00 2.77E 00 1.96E 00 3.110 0.670 
6.64E-01 0.0 2.90E-01 4.700 0.690 
0.0 4.30E-01 0.0 0.220 0.0 
0.0 0.0 0.0 0.685 1.000 
0.0 0.0 0.0 0.965 0.0 
G. 0 0.0 0.0 0.0 0.0 
3.51E 00 2.38E 00 l.26E 00 1.570 0.0 
1.90E 00 1.36E 00 l . lOE 00 2.950 0.305 
0.0 2.60E-01 0.0 1.740 0.620 
0.0 0.0 0.0 0.551 1.000 
0.0 0.0 0.0 0.642 0.006 
0.0 4.00E-02 0.0 0.0 0.0 
2.56E 00 1.4OE 00 1.53E 00 2.250 0.0 
2.66E 00 2.56E 00 1.54E 00 3.490 0.0 
5.69E-01 0.0 7.00E-02 1.460 0.840 
0.0 5.4OE-01 0.0 1.780 0.210 
0.0 0.0 0.0 0.0 0.0 
1 .23E 00 3.70E-01 7.70E-01 3.680 0.0 
2.94E 00 4.3% 00 1.82E 00 2.750 0.0 
1.90E 00 0.0 1.32E 00 3.220 0.620 
9.496-02 0.0 6.00E-02 1.380 0.200. 
0.0 2.70E-01 0.0 0.020 0.0 
0.0 0.0 0.0 0.030 0.0 
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NUCLIDE LIBRARY FUH A i  REFEHElvCE O X l O E  LMFBH 

NULL OLAH F B 1  FP 
413933 0.3 0.0 0.0 
360940 4.35E-01 0.0 0.0 
370940 2.39E-01 0.0 0.0 
380943 8 . a 9 ~ - 0 3  0.0 0.0 
390343 5.69E-04 0.0 0.0 
400943 0.0 0.0 0.0 
370955 2.77E-01 0.0 0.0 
380353 1.44E-92 0.0 0.0 
390950 1.06E-03 0.0 0.0 
403953 1.23E-07 0.C20 0.0 
410951 2.14E-06 0.0 0.0 
410550 2.29E-07 0.0 0.0 
420950 0.0 0.0 0.0 
390963 5.02E-03 0.0 0.0 
400963 0.0 0.0 0.0 
410960 8.37E-06 0.0 0.0 
420963 0.0 0.0 0.0 
390970 l .16E-01 0.0 0.0 
400973 1.13E-05 0.960 0.0 
010971 l.16E-02 0.0 0.0 
410973 1.60E-04 0.0 0.0 
420970 0.G 0.0 0.0 
400983 1.16E-02 1.000 0.0 
410781 5.78E-03 0.0 0.0 
4109~33 2.27E-04 0.0 0.0 
423983 0.0 0.0 G.O 
410993 4.81E-93 0.0 0.0 
b20953 2.87E-06 0.870 0.0 
430C91 3.21E-05 0.0 0.0 
430990 1.04E-13 0.0 0.0 
440990 0.0 0.c 0.0 
411300 3 .95E-03  0.0 0.0 
421005 0.0 0.0 0.0 
431003 4.08E-02 0.0 0.0 
441000 0.0 0.0 0.0 
411013 1.16E-02 0.0 0.0 
421013 7.91E-04 0.0 0.0 
431013 9.25E-04 0.0 0.0 
441010 0.0 0.0 0.0 
421020 1.C5E-03 0.500 0.0 
431021 2.57E-03 0.0 0.0 
431020 1.39E-01 0.0 0.0 
441023 0.0 0.0 0.0 
421333 l . lZE-02 0.0 0.0 
431331 1.39E-02 3.0 0.0 
441030 2.03E-07 1.000 0.0 
451031 2.03E-04 0.0 0.0 
451030 0.0 0.0 0.0 
421043 8.89E-03 0.0 0.0 
431043 6.+2€-04 0.0 0.0 

FPI 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.c 
G.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
3.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

.o.o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

FISSION P I W D U C T S  

FT S I G N G  FNGl Y25 Y28 Y49 ’ P F G .  
0.0 1.OBE-01 O.YO9 0.0 0.0 0.0 0.0 0.0 
0.0 2.37E-03 0.0 
0.0 1.34E-02 0.0 
0.0 0.0 0.3 
0.0 1.24E-01 0.0 
0.0 1.13E-02 0.0 
0.0 3.16E-03 0.0 
0.0 0.0 0.0 
0.0 3.94E-02 0.0 
0.0 5.71E-02 0.0 
1.000 3.93E-01 0.0 
0.0 3.Y3E-01 G . 0  
0.0 1.41E-01 0.0 
0.0 1.65E-01 0.0 
0.0 1.61E-02 0.0 
C.0 1.79E 00 0.0 
0.0 3.73E-02 0.0 
0.0 4.92E-G2 0.0 
0.0 8.27E-02 0.0 
1.000 5.11E-01 0.0 
0.0 5.11E-01 0.0 
C.0 1.6iE-01 0.0 
0.0 2.28E-02 0.0 
0.0 1.85E 00 0.0 
0.0 1.85E 00 0.0 
0.0 4.32E-02 0.0 
C.0 rt.72E-01 0.0 
0.0 1.84E-01 0.3 
1.000 2.04E-01 0.0 
0.0 2.04E-01 0.0 
0.0 4.91E-01 0.0 
0.0 1.61E 0 0  0.0 
0.0 .4.91E-02 0.0 
0.0 7.66.5-01 0.0 
0.0 1.26E-01 0.0 
0.0 3.93E-01 0.0 
0.0 2.08k-01 0.3 
0.0 1.98E-01 0.0 
0.0 5.11E-01 0.0 
0.0 5.50E-02 0.3 
c.0 0.0 G .  3 
‘2.0 7.27E-01 0.0 
0.0 1.28E-01 0.0 
0.0 0.0 0.0 
0.0 1.78E-01 0.3 
0.0 4.24E-01 0.0 
1.000 3.73E-01 0.3 

5.09E-01 8.80E-02 6.00E-01 2.910 0.0 
2.18E 00 2.1OE 00 1.50E 00 4.170 0.0 
2.75E 00 2.54E 00 1.64E 00 2.250 0.630 
6.64E-01 0.0 7.40E-01 2.720 0.340 
0.0 s . a o ~ - o i  0.0 0.0 0.0 
6.07E 00 1.4lE 00 5.80E 00 3.420 0.0 
0.0 2.73E 00 0.0 2.500 0.0 

1.50E 00 0.0 2.020 0.210 0.0 
0. i) 0.0 0.0 0.883 0.821 
0.0 0.0 0.0 0.235 1.000 
0.0 0.0 0.0 0.809 0.945 
0.0 6.40E-02 0 . 0  0.0 0.0 
3.04E 00 5.90E 00 2.58E 00 5.020 0.700 
3.04E 00 0.0 2.58E 00 0.0 0.0 
5.41E-04 7.00E-03 3.60E-03 2.610 0.900 
0.0 0.3 0.0 0.0 0.0 
4.54E 00 5.85E 00  6.10E 00 2.250 0.0 
1.53E 00 0.0 1.23E 00 0.855 0.081 
0.0 0.0 0.0 0.747 1.000 
0.0 G.0 0.0 1.160 0.580 
0.0 1.50E-01 0.0 0.0 0.0 
1.90E-01 0.00E 00  1.00E-01 0.550 0.0 
6.07k-02 0.0 1.00E-01 2.04G 0.0 
2.85E 00 2.00E-01 2.84E 00 2.830 0.530 
2.39E 00 0.0 2.84E 00 0.0 0.0 
5.98E 00 6.30E 00 6.10E 00 1.150 0.0 
0.0 0.0 0.0 0.758 0.290 
0.0 0.0 0.0 0.143 0.0 
0.0 0.0 0.0 0.114 0.0 
0. G 0.0 0.0 0.0 0.0 
5.98E 00 6.40E 00 7.10E 00 2.990 0.180 
0.0 0.0 0.0 0.0 0.0 

1.460 0.0 G. 0 0.0 0.0 
0.0 G. 0 0.0 0.0 0.0 
2.37E 00 6.5OE 00 2.95E 00 1.150 0.0 
2.37E 00 0.0 2.95E 00 2.070 0.800 
0.0 0.0 0.0 0.803 0.410 
0.0 0.0 0.0 0.0 0.0 
3.98E 00 6.60E 00 5.99E 00 0.492 0.0 
0.0 0.0 0.0 2.980 0.720 
0.0 0.0 0.0 1.920 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 6.60E 00 0.0 1.200 0.0 

1.38E 00 0.0 2.83E 00 0.551 0.880 
0.0 0.0 0.0 0.040 0.0 

1.47E 00 0.0 2 . 8 3 ~  00 1.060 0.0 

0.0 0.0 0.071 0.0 0.0 0.0 ’ 0.0 0.0 
0.0 6.21E-02 0.C 1.71E 00 5.00E 00 5.93E 00 1.814 0.960 
0.0 o.29E-01 0.0 0.0 0.0 0.0 4.520 0.770 
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N U C L I O E  L I B R A R Y  FOR A I  &EFEKENCE O X I D E  LMFBH 

NUCL OLAM F 8 1  F P  F P 1  
441043 0.0 0.0 0.0 0.0 
451041 2.62E-03 0.0 0.0 0.0 
451345 1.61E-02 0.0 O e C O S  0.0 
461040 3.0 
421053 1.73E-02 
431053 8.66E-02 
441050 4.34E-05 
451051 1.54E-02 
451350 5.36E-06 
461353 0.3 
431363 1.87E-02 
441 360 2 19E-08 

451360 2.31E-02 
461060 0.0 

451061 9. Y9E-05 

441373 2.7%-03 
451073 5.25E-04 
461 071 3 15E-02 
461073 0.0 

441083 2.57E-03 

451083 0.0 
471060 4.77E-03 
481080 0.0 
451093 2.31E-02 
461091 2.46E-03 
461090 1.43E-05 
471091 1.73E-02 
471090 0.0 

471070 0.0 

4 s i 3 a o  4 . 0 8 ~ - 0 2  

0.0 0.0 
0.0 0.0 
0.0 0.0 
1.000 0.0 
OIO 0.0 
0.0 3.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.200 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
O . @  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 0.0 0.0 
0.0 0.025 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0,o 0.0 0.0 
1.000 o..o 0.0 
0.0 . 0.0 0.3 
0.0 0.0 0.0 

F I b S I J N  PRODUCTS 

FT S I G N G  FNGl 
0.0 7.46E-02 0.C 
1.000 1.37t 00  0.0 
0.0 1.37E 00 0.0 
0.9 9.81E-02 G.0 
0.0 5.63E-01 0.3 
0.0 1.52.5-01 0.0 
0.0 1.89E-01 0.0 
1.000 3.45E-01 0.3 
C.0 3.45E-01 0.715 
0.0 4.16E-01 0.0 
0.0 0.0 0.0 
0.0 2.55E-02 0 . 3  
0.0 1.27E 00 0.C 
0.0 1.27E 00 0.0 
0.0 1.05E-01 0.0 
0.0 3.02.E-02 0.0 
G.0 3.14 i -01  G.G 
1.000 0.0 0.C 
0.5 4.24E-01 0.0 

0.0 3.93E-03 0.3 

0.0 1.06C-01 0.016 
0.0 1.51E 0 0  0.0 
0.0 1.26E-01 0.0 

1.000 3.72t-01 0.0 
0.0 3.92t-Oi 0.0 
1.000 4.32E-01 0.G 

0.0 3 . 2 a ~ - o i  0.010 

0.0 1.15E 00 0.G 

0.0 z . a s ~ - o i  0.3 

0.0 4.32E-01 0.033 

Y25 Y28 Y 49 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
1.14f 00 3.30E 00 2.60E 00 
5.69E-01 0.0 1.30E 00 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 2.70E 00 0.0 
S.01E-01 0.0 4.57E 00 
0.0 G .  0 0.0 
0.0 0.0 0.0 
0. G 0.0 0.0 
7.53E-01 2.00E 00 3.60E 00 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
3.04E-01 6.00E-01 2.1OE 00 
0.0 0.0 0.0 
0.0 0.0 0.0 
0. D 0.0 0.0 
0.0 0.0 0.0 
1.06E-01 3.20E-01 2.80E 00 
0.G 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0. i) 0.0  

Q FG 
0.0 0.0 
0.129 0.0 
1.007 0.012 
0.0 0.0 
2.200 0.0 
1.390 0.0 
1.140 0.640 
0.129 0.0 
0.227 0.350 
0.0 0.0 
2.500 0.200 
0.010 0.0 
3.180 0.910 
1.630 0.120 
0.0 0.0 
1.490 0.134 
0.796 0.390 
0.210 1.000 
0.014 0.0 
0.0 0.0 
0.501 0.0 
2.150 0.160 
0.0 0.0 
0.623 0.018 
0.0 0.0 
1.550 0.530 
0.188 0.0 
0.413 0.0 
0.088 0.0 
0.0 0.0 

481090 1.77E-08 0.0 l.CO0 1.000 0.0 0.0 0.0 0.0 0.0 0.0 0.080 0.0 
451130 1.39E-31 0.0 0.0 
461100 0.0 3.0 0.0 
471131 3.17E-08 0.0 0.0 
471100 2.84fi-02 0.0 0.0 
431100 0.0 0.0 0.0 
461111 3.50E-C5 1.000 0.0 
451113 5.25E-04 1.000 0.0 
471111 9.37t-03 0.0 0.0 
471110 1.07i-06 0.0 0.0 
481111 2.38E-04 0.0 0.0 
481110 0.0 0.0 0.0 
461120 9.17E-06 0.0 0.0 
471123 6.026-05 0.0 0.0 
481123 0.0 0.0 0.0 
461135 8.25E-03 0.100 0.0 
471131 9.63E-03 0.0 0.0 
471130 3.63E-05 0.0 0.0 
481131 1.57E-09 0.0 0.0 
481130 0.0 0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 0.0 0.0 0.0 
0.0 8.63t-02 0.167 7.59E-G2 
0.130 1.75E 00 0.0 (2.0 

0.0 1.34E-01 0.332 7.59E-G7 
0.750 2;&5E-01 0.5 3.79E-G3 
0.0 2.65E-01 0.3 b . 8 3 E - 0 2  
1.000 4.51E-01 0.0 0.0 

0.0 1.75t 00 0.0 0.0 

0.0 4.51C-01 0.0 0.0 
1.003 5.50E-01 010 0.0 
0.0 5.50E-01 0.0 0.0 
0.0 4.71E-02 0.3 4.17E-02 
0.0 1.77.E 00 0.G 0.0 
0.0 1.37E-01 1.000 0.0 
0.0 1.18E-01 0.3 4.17E-02 

0.0 4.32E-01 0.0 0.0 
3.0 4.32E-01 0.G 0.0 

0.001 4.5ok-01 0.3 0.0 
0.0 4.56E-0i 0.0 0.0 

1.50E-01 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
7.60E-04 2.OOE-02 
7.60E-02 4.40E-01 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
4.60E-02 2. 4OE-01 
0.0 0.0 
0.0 0.0 
3.45E-02 2.00E-02 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

2.320 0.024 
0.0 0.0 
2.720 0.960 
1.224 0.027 
0.0 0.0 
0.373 0.0 
0.840 0.0 
0.070 0.0 
0.404 0.0 
0.396 0.624 
0.0 0.0 
0.096 0.0 
2.315 0.422 
0.0 0.0 
1.250 0.0 
0.830 0.0 
1.350 0.740 
0.223 0.001 
0.0 0.0 
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NUCLIDE L I B R A R Y  FOR A 1  REFERENCE O X I D E  LMFBR 

NULL OLAM F81 F P  FP1 
491133 0.0 0.0 0.0 0.0 
461143 4.81E-03 0.0 0.0 0.0 
471140 1.39E-01 0.0 0 .0  0.0 
481140 0.0 0.0 0.0 0.0 
491141 1.60E-07 0.0 0.035 0.0 
491143 9.63E-03 0.0 0.019 0.0 
501140 0.0 0.0 0.0 
461150 1.54E-02 0.280 0 .0  
471151 3.47E-02 0.0 0.0 
471150 5.78E-04 0.090 0.0 
481151 1.87E-07 0.0 0.0 
481150 J.60E-06 1.000 0.0 

491150 0.0 0.0 0.0 
501150 0.0 0.0 0.0 
471163 4.62E-03 0.0 0.0 
481160 0.0 0.0 0.0 
491161 2.14E-04 0.0 0.0 
491163 4.95E-02 0.0 0.0 
501153 0.0 0.0 0.0 
471170 1.05E-02 0.0 0.0 
481171 5.66E-05 0.440 0.0 

491151 4.~a~-os 0 . 0  0 .0  

481170 8.02~-05 1.000 0 . 0  
491171 9.98E-05 0.0 0.0 
491173 2.63E-04 0.0 0.0 
501171 5.73E-07 0.0 0.0 
501173 0.0 0.0 0.0 
481180 2.36E-04 0.0 0.0 
491181 2.63E-03 0.0 0.0 
491183 1.39E-01 0.0 0.0 
501180 0.0 0.0 0.0 
481191 4.28E-03 1.000 0.0 
481193 1.16E-03 1.000 0.0 
491191 6.42E-04 0.0 0.0 
491193 5.50E-03 0.C50 0.0 
501191 3.21E-08 0.0 0.0 
501190 0.3 0.0 0.0 
481230 l.16E-02 0.5’30 0.0 
491201 2.17E-01 0.0 0.0 
491233 1.51E-02 0.0 0.0 
501200 0.0 0.0 0.0 
481210 3.30E-03 1.000 0.0 
491211 3.73E-03 0.0 0.0 
491213 2.31E-02 0 . 0  0.0 
501211 2.89E-10 0.0 0.0 
501210 7.13E-06 0.0 0.0 
S I 1 2 1 0  0.0 0.0 0.0 
491223 8.56E-02 0.0 0.0 
501223 0.0 0.0 0.0 
511221 2.75E-03 0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0 .0  
0.0 
0 . 0  
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.G 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 

F I S S I U N  PRODUCTS 

FT S I G N G  F N G l  Y25 V28 Y 49 P FG 
0.0 4.83E-01 0.670 0.0 0.0 0.0 0.0 0.0 
0.0 1.45E-02 0.0 3.73E-02 4.00E-02 2mOOE-02 1.250 0.0 
0.0 1.59E 00 0.0 0.0 0.0 0.0 2.280 0.250 
0.0 7.86E-02 0.113 0.0 0.0 0.0 0.0 0.0 
0.965 1.55E 00 0.0 0.0 0.0 0.0 0.240 0.240 
0.0 1.5% 00 0.0 0.0 0.0 0.0 0.794 0.001 
0.0 0.0 0.0 0.0 0 .0  0.0 0.0 0.0 
0.0 4.32E-02 0.3 3.79E-02 3.706-02 7.60E-03 2.000 0.0 
0.0 3.83E-01 0.0 0.0 0.0 0.0 1.360 0.0 

6.00E-04 1.990 0.570 0.0 3.83E-01 0.0 1.90E-03 0.0 
0.0 2.02E-01 0.0 0.0 
0.0 2.02E-01 0.0 0.0 0.0 0.0 0.562 0.344 
0.950 3.36E-01 0.0 0.0 0.0 0.0 0.335 0.951 
0.0 3.36E-01 0.780 0.0 0.0 0.0 0.198 0.0 
0.0 2.59E-01 0.0 0.0 0.0 0.0 0.0 0.0 

2.700 0.0 0.0 1.39E 00 0.0 3.79E-02 3.80€-02 0.0 
0.0 2.75E-02 0.0 0.0 0.0 0 .0  0.0 0.0 
0.0 1.23E 00 0.0 0.0 0.0 0.0 2.830 0.896 
0.0 1.23E 00 0.0 0.0 0.0 0.0 1.400 0.009 
0.0 4.32E-02 1.300 l.14E-02 0.0 0.0 0.0 0.0 
0.0 3.30E-01 0.9 4.17E-02 4.00E-02 2.2OE-02 1.250 0.0 
0.0 O.09E-02 0.0 0.0 0.0 0.0 1.660 0.570 
0.0 6.09E-02 0.0 6.0 0.0 0.0 1.700 0.720 

0.0 2.96E-01 0.0 0.0 0.0 0.0 0.976 0.570 

0.0 1.65E-01 0.0 0.0 0.0 0.0  0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 3.280 0.810 
0.0 1.12E 00 0.0 0.0 0.0 0.0 1.920 0.096 
0.0 2.636-02 1.000 0.0 0.0 0.0 0.0 0.0 
0.0 3.06E-02 0.3 3.82E-02 2.OOE-02 8.00E-03 1.500 0.0 
0.0 3.06E-02 0.3 0.0 2.00E-02 0.0 1.500 0.0 
0.050 i.73E-01 0.0 0.0 0.0 0.0 1.120 0.011 
0.0 2.73E-01 0.0 0.0 0.0 0.0 1.470 0.560 
1.000 1.00E-01 0.0 0.0 0.0 0.0 0.089 0.0 
0.0 1.00E-01 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 G.0 4.10E-02 0.0 1.250 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 2.550 0.069 
0.0 1.05E 00 0.3 1.YlE-02 0.0 9.63E-04 3.610 0.670 
0.0 1.576-02 0.307 1.9LE-02 G.0 9.63E-04 0.0 0.0 
0.0 1.53E-02 0.3 9.54E-04 4.20E-02 4.82E-03 1.980 0.750 
0.0 2.57E-01 0.0 S.54E-04 0.0 4.82E-03 1.530 0.0 
0.0 2.57E-01 0.0 1.916-03 0.0 1.02E-02 2.060 0.450 
0.0 5.69E-02 0.0 1.91E-03 0.0 9.63E-03 0.177 0.0 
0.0 5.69E-02 0.0 5.34E-02 0.0 5.78E-02 0.112 0.0 
0.0 1.88E-01 0.010 0.G 0.0 0.0 0.0 0.0 
0.0 9.93E-01 0.3 2.&3€-02 4.50f-02 9.63E-04 4.120 0.520 
0.0 9.03E-03 0.005 2.48E-02 0.0 9.63E-04 0.0 0.0 
1.000 7.2OE-01 0.0 0.0 0.0 0.0 0.162 0.0 

0.0 0.0 0.687 0.147 

0.470 2.966-01 0.0 0.0 0.0 0.0 0.533 0.280 

1.000 1.65E-01 0.3 0.0 0.0 0.0 0.317 0 .0  

0.0 a.45~-03 0.3 ~ . ~ Z E - O Z  ~ . O O E - O ~  ~ . O O E - O ~  0.266 0.0 
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NUCLIDE LIBRARY FUR A I  REFERENCE OXlOE LMFBR 

FISSION PRooucrs 

NUCL OLAM F81 
511220 2.87E-06 0.0 
521220 0.0 0.0 
491231 1.93E-02 0.0 
491233 6.93E-02 1.000 
501231 6.42E-08 0.0 
501231) 2.89E-04 0.0 
511233 0.0 0.0 
521231 6.86E-08 0.0 

FP FP1 
0.031 0.0  
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 

521230 0.0 0.0 0.0 
491240 1.136-01 0.0 0.0 
501240 0.0 0.0 0.0 
511241 7.45E-03 0.0 0.0 
511243 1.34E-07 0.0 0.0 
521243 0.0 0.0 0.0 
501251 1.19E-03 0.0 0.0 
501253 9.53E-07 0.0 0.0. 
511250 8.14E-09 0.390 0.0 
521251 1.38E-07 0.0 0.0 
521250 0.0 0.0 0.0 
501263 2.20E-13 1.000 0.0 
511261 6.03E-04 0.0 0.0 
511260 6.4LE-07 0.0 0.0 
521260 3.0 0.0 0.0 
501271 2.89E-03 0.0 0.0 
501270 7.17E-05 0.0 0.0 
51:270 2.07E-06 0.220 0.0 
521271 7.36E-08 0.0 0.0 
521270 2.05E-05 0.0 0.0 
531273 0.0 0.0 0.0 
501280 1.96E-04 0.970 0.0 
511281 1.05E-03 0.0 0.0 
511283 2.14E-05 0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.c 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.C 
0.0 
0.0 
0.0 

521280 0.0 0.0 0.0 0.0 
531280 4.62E-04 0.0 0.063 0.0 
541280 0.0 
501291 1.93E-04 
501293 1.28E-03 
511293 4.48E-05 
521291 2.36E-07 
521293 1.67E-04 
531293 1.29E-15 
541291 1.00E-06 
541290 0.0 
501303 4.44E-03 
511351 1.65E-03 
511300 3.50E-04 
521300 0.0 
531301 1.26E-173 
531303 1.55C-05 
541303 0.0 

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.360 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.500 0.0 
0.0 3.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
O.@ 
0.0 

FT SICNG FNG1 Y25 Y 28 Y 49 C! FG 
0.0 7.266-01 0.0 0.0 0.0 0.0 1.070 0.430 
0.0 1.026-01 0.333 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.6 0.0 4.506-02 0.0 3.200 0.710 
0.0 2.45E-01 0.3 2.296-03 5.00E-04 9.636-04 3.200 0.710 

0.0 3.306-02 0.0 5.34E-02 0.0 0.0 0.682 0.0 
0.0 1.71E-01 0.014 0.0 0.0 0.0 0.0 0.0 
1.000 3.30E-01 0.0 0.0 0.0 0.0 0.248 0.0 

0.0 0.0 0.0 3.306-01 0.0 6.0 0.0 0.0 
0.0 0.0 0.0 0.0 5.50E-02 0.0 4.430 0.474 
0.0 5.38E-03 0.962 7.63E-02 0.0 0.0 0.0 0.0 
0.800 6.526-01 0.0 0.0 0.0 0.0 0.440 0.790 
0.0 6.52E-01 0.0 0.0 0.0 0.0 2.280 0.820 
0.0 6.48E-02 0.714 0.0 0.0 0.0 0.0 0.0 
0.0 2.026-02 0.0 4.206-02 2.50E-02 1.93E-03 1.187 0.298 
0.0 ieG2E-02 0.3 4.58E-02 4.00E-02 1.376-01 1.021 0.091 
0.0 1.57E-01 0 .0  0.0 0.0 
1.000 1.96E-01 0.0 G.0 0.0 0.0 0.145 0.0 
0.0 1.96E-01 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 3.30E-03 0.0 2.39E-01 4.00E-02 3.85E-01 0.090 0.0 
0.990 5.09E-01 0.0 0.0 4.00E-02 0.0 0.098 0.380 
0.0 6.OBE-01 0.0 0.0 0.0 0.0 1.850 0.580 
0.0 3.53E-02 0.100 0.0 0.0 0.0 0.0 0.0 
c . 0  0.0 J.0 0.c 0.0 0.0 1.630 0.310 
0.0 1.266-02 0.0 5.73E-01 1.2OE-01 7.51E-01 1.810 0.530 
0.0 1.47E-01 0.0 2.39t-02 0.0 1.93E-02 0.927 0.507 
0.985 9.74E-02 0.0 0.0 0.0 0.0 0.093 0.0 
0.0 9.74E-02 0.0 0.0 0.0 0.0 0.275 0.015 
0.0 2.95E-01 0.3 0.0 0.0 0.0 0.0 0.0 
0.0 2.12E-03 0.0 8.83E-01 3.50E-01 7.70E-01 0.846 0.650 
0.0 5.69E-01 0.0 1.19k-bl 0.0 0.0 2.763 0.597 
0.0 5.69t-01 0.0 1.91E-01 3.50E-02 1.93E-01 3.557 0.858 
0.0 1.57E-02 0.108 0.0 0.0 0.0 0.0 0.0 
0.0 1.09E 00 0.0 7.16E-05 3.00E-05 3.85E-04 0.959 0.173 
0.0 4.91E-02 0.0 0.0 0.0 0.0 0.0 0.0 

1.30E 00 0.0 1.930 0.570 0.0 0.0 0.c 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 1.930 0.570 
0.0 1.J7t-01 0.0 1.91E 00 0.0 1.93E 00 1.360 0.440 
0.640 3.936-02 0.0 0.0 0.0 0.0 0.334 0.120 

0.0 0.0 0.612 0.150 0.0 3.93E-02 0.0 0.0 
0.0 0.073 0.0 0.0 2.43E-01 0.3 G.0 0.0 

1.000 0.0 0.0 0.0 0.0 0.0 0.236 0.0 
0.0 1.77E-01 0.0 0.0 4.00E-04 0.0 0.0 0.0 
0.0 1.37E-03 0.0 1.91E 00 2.00E 00 1.93E 00 0.0 0.0 

0.0 0.0 0.0 0.0 3.320 0.630 0.0 0.0 
0.0 5.40E-01 0.G 0.0 0.0 0.0 3.320 0.630 
0.0 S.87E-03 0.130 0.0 0.0 0.0 0.0 0.0 

0.100 C.0 1.000 0.0 0.0 0.0 0.0 0.0 

0.0 i.99E-02 0.G 0.0 0.0 0.0 0.0 0.0 

0.0 3.30E-02 0.0 2.296-03 0.0 9.6x-06  0.575 0.0 

0.0 0.566 0.550 

0.0 8.84E-01 3 . 3  4.77E-04 5.0OE-04 5.01E-03 1.480 0.780 
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FISSIUN' PRODUCTS 

NUCL OLAM F81 F P  
501313 3 . 4 0 E - 0 3  0.0 0.0 
511310 4.626-04 0.150 0.0 
521311 6.42E-06 0.0 3.0 
521313 4.62E-04 0.0 0.0 
531313 9.97E-07 0.008 0.0 
541311 5.80E-07 0.0 0.0 
541313 0.0 0.0 0.0 
501323 5.25E-03 0.0 0.0 
511321 1.54E-02 0.0 0.0 
511320 5.50E-03 0.0 0.0 
521323 2.+7E-36 0.0 0.0 
531325 8.37E-05 0.0 0.0 
541320 0.0 0.0 0.0 
511335 2.75E-03 0.720 0.0 
521331 2.31E-04 0.0 0.0 
521330 9.24E-C4 0.0 0.0 
531333 9.17E-06 0.024 0.0 
541331 3.55E-C6 0.0 0.0 
541333 1.5ZE-06 0.0 0.0 
551333 0.0 0.0 0.0 
511343 4.62E-01 0.0 0.0 
521343 2.756-04 0.0 0.0 
531340 2.19E-04 0.0 0.0 
541343 0.0 0.0 0.0 
551341 6.64E-05 0.0 0.0 
551340 1.07E-08 0.0 0.0 
561340 0.0 0.0 0.0 
521353 2.39E-02 0.0 0.0 
531353 2.87E-05 0.300 0.0 
541351 7.41E-04 0.0 0.0 
541350 2.09E-05 0.0 0.0 
551351 2.18E-06 0.0 0.0 
551353 7.32E-15 0.0 0.0 
561351 6.71E-06 0.0 0.0 
561353 0.0 0.0 0.0 

541350 0 . C  0.0 0.0 
551360 6.17E-07 0.0 0.0 
551363 0.0 0.0 0.0 
531370 3.01E-02 0.0 0.0 
541373 2.96E-03 0.0 0.0 
551370 7.32E-10 0.935 0.0 
551371 4.53E-03 0.9 0.0 
561373 0.0 0.0 0.0 
531383 1 . 1 7 E - Q l  0.0 0.0 
541383 6.8OE-04 0.0 0.0 
551383 3.59E-04 0.0 0.0 
561383 0.3 0.0 0.0 
531390 3.+7E-01 0.0 0.0 
541373 1.61E-02 0.0 0.0 

531363 a . 3 5 ~ - 0 3  0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.c 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

FP1 FT SIGNG FNGl Y25 Y 28 Y 49 a F G  
0.0 0.0 0.0 0.0 3.20E 00 0.0 2.000 0.0 
0.0 1.30E-01 0.3 2.58E 00 0.0 2.99E 00 1.850 0.510 
0.180 1.45E-02 0.3 3.62E-02 0.0 1.25E-01 1 e638 0.805 
0.0 1.49E-02 0.0 1.53E-01 0.0 5.20E-01 1.150 0.250 
0.0 1.96E-01 0.0 1.YlE-01 0.0 0.0 0.694 0.574 
1.000 1.51E-01 0.0 0.0 0.0 9.63E-03 0.164 0.0 
0.0 1.51E-01 0.0 0.t 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 4.56E 00 0.0 2.000 0.0 

3.360 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 5.10E-01 0.0 3.256 00 0.0 4.91E 00 3.360 0.0 
0.0 2.36E-03 3.0 9.54E-01 0.0 1.73E-01 0.230 0.380 
0.0 7.15E-01 0.C 0.0 l.4OE-01 0.0 2.700 0.780 

0.0 0.0 0.0 3.34E-02 0.962 0.0 0.0 0.0 
0.0 1.22E-01 0.0 3.53E 00 3.22E 00 2.83E 00 2.760 0.0 

0.0 6.23~03 3.0 1 . ~ 5 ~  00 0 . 0  9.63E-01 1.920 0.680 
(2.3 1.53E-01 3 .3  4.77E-01 4.20E-01 1.93E-01 1.100 0.510 
1.000 2.08E-01 0.0 0.0 0.0 0.0 0.233 0.0 
0.0 2.08E-01 0.0 0.0 0.0 1.64E 00 0.182 0.0 
0.0 1.97E-01 0.085 0.0 0.0 0.0 0.0 0.0 
0.0 4.71E-Oi 0.0 2.865 00 5.65E 00 3.37E 00 3.680 0.0 
0.0 l . lOE-03 0.0 3.53E 00 0.0 3.85E 00 2.800 0.0 
0.0 5.73E-01 3.G 8.596-01 7.40E-01 0.0 3.270 0.814 
0.0 6.21E-02 0.962 0.0 2.1OE-31 0.0 0.0 0.0 
C.990 6.49E-01 0.G 0.L 0.0 0.0 0.153 0.098 
0.0 o.49E-01 0.0 0.0 0.0 0.0 1.770 0.890 
0.0 1.02E-02 0.038 0.0 0.0 0.0 0.0 0.0 
0.0 3.14E-03 0.0 4.10E 00 4.92E 00 1.06E 00 2.630 0.0 
0.0 1.19E-01 0.0 1.81E 00 0.0 5.49E 00 2.280 0.840 

0.130 6 . 2 8 ~ 0 3  3.c 1 . 0 5 ~  00 1 . 8 6 ~  00 9.63~-01 2.350 0.610 

1.000 9.82E-01 0.0 0.0 0.0 0.0 0.527 1.000 
0.0 4 . 2 4 ~  00 0 .0  k . e 6 ~ - 0 1  1 . 0 8 ~  0 0  4.53~-01 0.567 0.460 
1.000 0.0 0.0 0.0 0.0 0.0 1.621 1.000 
0.0 1.14E-OL 0.0 0.0 0.0 0.0 0.002 0.0 
1.000 3.93E-02 0.0 0.0 0.0 0.0 0.268 1.000 
0.0 3.93E-02 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 4.61E-01 0.3 2.56E 00 2.63E 00 2.02E 00 4.250 0.520 
0.0 1.67E-01 0.3 3.21E 00 3.07E 00  4.35E 00 0.0 0.0 
0.0 2.97E-01 0.G 6.(r5E-03 1.00E-01 1.06E-01 2.610 0.940 
0.0 6.10E-03 0.010 0.0 0.0 0.0 0.0 0.0 
0.0 F.43E-02 0.0 4.68E 00 6.C5E 00 4.91E 00 0.176 0.0 
0.0 5.11E-01 0.0 1.2iE 00 0.0 1.47E 00 2.060 0.150 
0.0 3.Y3E-02 0.0 12.0 1.50E-01 0.0 0.273 0.0 
1.000 2.16.5-02 0.0 0.0 0.0 0.0 0.662 1.000 
0.0 2.10E-02 0.0 0.0 G . 0  0.0 0.0 0.0 
0.0 3.77E-01 0.0 3.25E 00 6.00E 00 3.56E 00 3.420 0.0 
0.0 7.86E-02 0.C 2.00E 00 0.0 2.13E 00 1.420 0.300 
0.0 1.04E-01 0.0 2.86f-01 0.0 3.85E-01 3.620 0.690 
0.0 3.15E-03 0.0 0.0 0.0 0 . 0  0.0 0.0 
0.0 7.466-02 0.0 1.72E 00 4.80E 00 1.64E 00 2.000 0.0 
0.0 3.38E-01 0.0 2.77E 00 0.0 2.70E 00 2.000 0.0 



NUCL O L A M  FB1 
551333 1.22E-03 0 . 0  
561393 1.39E-04 0.0 
571390 0.0 0.0 
541400 4.33E-02 0.0 
551403 1.05E-02 0.0 
561403 6.27E-07 0.0 

5 8 1 C O O  0.0 0.0 
541413 3.47E-01 0.0 
551413 2.89E-02 0.0 
561410 6.42E-04 0.0 
571413 4.94E-05 0.0 
581410 2.48E-07 0.0 
591410 0.0 0.0 
541420 4.62E-01 0.0 
551620 3.01E-01 0.0 
561420 1.OSE-03 0 . 0  
571423 1.26E-04 0.0 
581420 0.0 0.0 
591420 1.00E-05 0.0  
601420 0.0 0.0 
541430 6.93E-01 0.0  
551633 3.676-01 0.0 

571433 9.25E-04 0.0 
581430 5.83E-06 0.0 
591430 5.86E-07 0 .0  
601433 0.0 0.0 
571640 1.73E-01 0.0 
581440 2.82E-08 0.0  
591+43 6.68E-04 0.0 
601440 0.0 0.0 
581450 3.85E-03 0.0 
591+53 3.22E-05 0.0 
601450 0.0 0.0 
581460 8.25E-04 0.0 
591450 4.81E-04 0.0 
601460 0.0 0.0 
581970 1.07E-02 0.0 
591470 9.63E-04 0.0 
601470 7.23E-07 0.0 
611473 B.38E-09 0.0 
621670 0.0 0.0 
581%80 1.6lE-02 0.0 
591483 S.78E-03 0.0 
601480 0.0 6.0 
611481 1.91E-07 0.0 
611980 1.49E-06 0.0 
621480 0.0 0.0 
591693 5.02E-03 0.0 

5 7 1 ~ 0 0  4 . 7 9 ~ - 0 6  0.0 

561433 5.7dE-02 0.0 
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FISSION PRODUCTS 

F P  
0.0 
0.0 
0.0 
0.0 
0 .0  
0 .0  
0 .0  
0 .0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0.0 
0.0 
0 . 0  
0 . 0  
0 .0  
0 . 0  
0 .0  
0 .0  
0.0 
0.0  
0.0 
0.0 
0 . 0  
0 . 0  
0 . 0  
0.0 
0.0  
0 .0  
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0 . 0  
0.0 
0 .0 
0.0 
0 .  c 
0.0 
0 .0  
0.0 
0.0 

FP1 
0 . 0  
0 . 0  
(3.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0  
0.0 
0 .0  
0 . 0  
0.0 
0 .0  
0 .0  
0 .0  
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0 .0  
0 .0  
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0. 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

F l  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0 .0  
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  

S I G N G  FNG1 Y25 Y28 Y 49 a F G  
2.OOE-02 0 .0  1.15E 00 9.bOE-01 1.18E 00 2.390 0.530 
9.446-03 0.0 9.54E-02 7.00E-02 1.35E-01 0.936 0.007 
1.81E-02 0.0 0.0 0.0 0.0 0.0 0.0 
6.29E-02 0.0 3.53E 00 3.41E 00 3.18E 00 1.690 0.0 
7.19E-02 0.3 2.20E 00 1.97E 00 2.02E 00 3.490 0.460 
l.18E-03 0.0 2.86E-01 3.10E-01 0.0 0.569 0.470 
9.64E-02 0.0 0.C 0.0 1.93E-01 2.800 0.770 
1.5BE-02 0.3 0.0 8.10E-02 0.0 0.0 0.0 
3.10E-01 010 
1.65E-02 0.3 

2.95E-02 0.3 
9.45E-02 0.3 

3.74E-03 0.0 

4.34E-02 0.0 
0.56E,-02 0.t 
6.49E-02 0.0 
3.93E-04 0.3 

1.42E-01 0.0 
2.48E-01 0.0 

1.67E-01 0.0 

5.92E-02 0.0 
3.63E-01 0.0 

1.57E-03 0.0 
5.59E-02 0.0 
2.35E-01 0.0 
1.06E-01 0.0 
3.47E-01 0.0 
3.38E-01 0.0 
7.88E-02 0.3 
8.2dE-01 0.0 
8.36E-02 0.3 
4.1OE-01 0.3 
2.96E-01 0.0 
4.93E-01 0.0 
1.26E-01 0.3 

1.16E-01 0.0 

5.81E-01 0.0 
6.51E-01 0.0 

1.57E-02 0.0 

1.68E 0 0  0.0 

5.91E-01 0.0 

1.72E 00 1.23E 00 1.06E 00 2.670 0.0 
2.77E 00 3.01E 00 3.56E 00 2.040 0.0  
1.15E 00 1.57E 00 8.67E-01 1.370 0.0 
9.54E-02 9.20E-02 0.0 1.010 0.027 
0.0 0.0 0.0 0.332 0.0 
0.0 0.0 0.0 0.0 0.0 
3.34E-01 3.30E-01 2.99E-01 3.000 0.0 
2.91E 00 2.94E 00 2.76E 00 3.000 0.0 
2.10E 00 2.13E 00 1.76E 00 0.927 0.0 
2.86E-01 2.90E-01 0.0 3.309 0.715 
0.0 0.0 0.0 0.0 0.0 
0. c 0.0 0.0 2.420 0.648 
0. G 0.0 0.0 0.0 0.0 
2.96E 00 5eZOE-02 2.55E 00 3.090 0.0 
2.96E 00 1.35E 00 2.55E 00 2.870 0.140 
0.0 2.50E 00 0.0 1.870 0.0 
0.0 1.20E 00 0.0 1.560 0.190 
0.0 0.0 0.0 0.766 0.396 
0.0 0.0 0.0 0.366 0.0 
0.0 0.0 0.0 0.0 0.0 
5.54E 00 4.50E 00 3.08E 00 2.610 0.0 
2.86E-01 0.0 5.68E-01 0.148 0.270 
0.0 0.0 1.35E-01 1.255 0.024 
0.0 0.0 0.0 0.0 0.0 
4.ClE 00 4.80E 00 3.01E 00 1.070 0.0 
0.0 0.0 0.0 0.730 0.050 
0.0 0.0 0.0 0.0 0.0 
3.05E 00 4.2OE 00 2.50E 00 0.474 0.450 
9.54E-02 0.0 0.0 2.710 0.620 
0.0 0.0 0.0 0.0 0.0 
6.20E-01 3.50E 00 5.30E-01 2.000 0.0 
6.20E-01 0.0 5.30E-01 1.060 0.210 
1.24E 00 0.0 1.06E 00 0.472 0.043 

7.90E-01 0.522 0.6 ~ 0.0 0.0 0.087 0.0 
4.55E-01 0.0 0.0 0.0 0.0 0.0 0.0 
1-.69E-01 0.0 1.63E 00 2.50E 00 1.67E 00 2.000 0.0 
3.15E 00 0.0 0.0 0.0 0.0 2.080 0.140 
1.48E-01 0.0 0.0 0.0 0.0 0.0 0.0 

0.070 4.94E 00 0.0 0.0 0.0 0.0 2.142 0.910 
0.0 4.94E 00 0.0 0.0 0.0 0.0 1.380 0.460 
0.0 1 . l lE -01  0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0 . 0  0.0 0.0 1.8OE 00 0.0 2.000 0.0 



NUCL OLAEI F81 
601593 1.07E-34 0.0 
611693 3.63E-06 0.0 
621490 0.0 0.0 
601500 0.0 0.0 
611503 7.13E-05 0.0 
621500 0.0 0. 0 
601510 9.63E-04 0.0 
611513 6 .8a~-o6 0.0 
621510 2.52E-10 0.0 
631513 0.0 0.0 
611520 1.93E-03 0.0 
621523 0.0 0.0 
631521 2.07E-05 0.0 
631520 1.83E-09 0.0 
641520 0.0 0.0 
611530 2.10E-03 0.0 
621533 4.10E-06 0.0 
631530 0.0 0.0 
641530 3.32E-08 0.0 
611543 4.62E-03 0.0 
621543 0.0 0.0 
631540 1.37E-09 0.0 
641540 0.0 0.0 
621553 5.02E-04 0.0 
631553 1.21E-08 0.0 
641550 0.0 0.9 
621550 ? . O S € - 0 5  0.0 
631563 5.35E-07 0.0 
641560 0.0 0. 0 
621570 2.31E-02 0.0 
631573 1.27E-05 0.0 
641570 0.0 0.0 
631583 2.51E-04 0.0 
641560 0.3 0.0 
631593 6.42E-04 0.0 
641590 1.07E-05 0.0 
651590 0.0 0.0 
631503 4.62E-03 0.0 
541603 0.0 0.0 
651600 
661600 
641 6 1  3 
651613 
661610 
6k1523 
651621 
651520 
661523 
651631 
651630 

1 11E-07 
0.0 
3.12E-03 
1.16E-06 
0.0 
2.2 OE-08 
1.54E-03 
6. 75E-05 
0.0 
1.65E-03 
2.96E-05 

407 

(riUCLlOE L I t 3 R A K V  FUR A I  HEFERENCt U)lIOf LMFaH 

FISSION PRUOUCTS 

FP FP1 FT 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
3.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.230 0.0 
0.720 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
1.000 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
1.000 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0 .0  
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

~.~ 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.G 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
4.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

SIGNC FnGl  V25 V28 Y49 Q FC 
7.aw-01 J.G 1 . ~ 4 ~  00 0.0 1.27E 00 0.866 0.390 
L.38E 00  0.0 0.0 0.0 0.0 0.421 0.020 
5.32E-01 0.0 0.0 0.0 0.0 0.0 0.0 
1.64E-01 0.3 7.06E-01 1.5OE 00 9.73E-01 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 2.270 0.660 
1.46E-01 0.0 0.C 0.0 0.0 0.0 G.0 
7.69E-01 0.3 4.5EE-01 1.ZOE 00 7.70E-01 1.220 0.0 
1.18E 00 0.0 1.91E-02 0.0 0.0 0.614 0.430 
7.7lE-01 0.0 G.0 0.0 0.0 0.294 0.0 
1.42E 00 0.322 0.0 0.0 0.0 0.0 0.0 
4.74E 00 0.0 1.43E-01 8.50E-01 2.99E-01 2.260 0.550 
1.62E-01 4.0 1.43E-01 0.0 2.99E-01 0.0 0.0 
5.38E 0 0  0.001 0.0 0.0 0.0 1.190 0.0 
5.38E 00 0.0 
1.27E-01 0.0 
i .OlE 00  0.3 
7.90t-01 3.3 
1.06E 00 0.0 
0.0 0.0 
3.9% 00  0.3 
1.50E-01 0.0 
4.04E 00 0.3 
1.74E-01 0.0 
a.64E-01 0.3 
b . l lE -01  0.0 
8.91E-01 0.3 
1.19E-01 0.3 
3.13E 00 0.0 
2.16E-01 0.0 
0.0 0.0 
6.33.5-01 0.0 
1.04E 0 0  0.0 
2.4% 00 0.0 

5.14E-01 0.0 
1.01E 00  0.0 
6.73E-01 0.0 
Z.OZE G O  0.0 
1.92E-01 0.0 
3.51E 00 0.G 
8.54E-02 0.0 
7.13E-01 0.0 
7.14E-01 0.0 
+.37E-01 0.0 
1.07E-01 0.0 
0.0 0.0 
2.82E 00 0.0 
9.53E-02 0.0 
0.0 0.0 
5.91E-01 0.0 

2 . 3 a ~ - o i  0.0 

0.0 0.0 0.0 2.060 0.0 
0.0 G. 0 0.0 0.0 0.0 
7.16E-02 3.60E-01 1.78E-01 0.825 0.0 
i . i 6 ~ - 0 2  4.70~-02 1 . 7 8 ~ - 0 i  0.373 0.0.0s 
c. 0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.243 0.0 
4.29E-02 2.50E-01 1.40E-01 1.010 0.0 
4.29E-02 0.0 1.40E-01 0.0 0.0 
0.0 0.0 0.0 1.580 0.840 
c. 0 0.0 0.0 0.0 0.0 
5.92E-02 1.30E-01 4.43E-01 0.680 0.180 
0.0 0.0 0.0 0.142 0.0 
0.0 0.0 0.0 0.0 0.0 
2.48E-02 7.10E-02 2.1ZE-01 0.321 0.430 
0.0 0.0 0.0 1.780 0.760 
0.0 0.0 0.0 0.0 0.0 
0.0 3.50E-02 0.0 0.921 0.620 
l .4 lE-02 0.0 1.43E-01 0.728 0.440 
0.0 0.0 0.0 0.0 0.0 
1.91E-02 1.30E-02 3.85E-01 2.120 0.560 
0.0 0.0 0.0 0.0 0.0 
5.25E-03 8.40E-03 1.01E-01 1.350 0.390 
5.25E-03 Oe'O 1.01E-01 0.410 0.120 
0.0 0.0 0.0 0.0 0.0 
1.29E-02 3.90E-03 7.80E-03 1.490 0.0 
1.29E-02 0.0 7.80E-03 0.0 0.0 
0.0 0.0 0.0 1.420 0.820 
G. 0 0.0 0.0 0.0 0.0 
7.63E-02 1.60E-03 3.76E-02 1.030 0.390 
0.0 0.0 0.0 0.275 0.003 
0.0 0.0 0.0 0.0 0.0 
0.0 8.00E-04 1.73E-02 0.574 0.0 
0.0 G . 0  0.0 1.130 0.0 
0.0 0.0 0.0 1.130 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 1.80E-04 0.0 0.825 0.310 
0.0 1.80E-04 3.85E-03 0.825 0.310 



I 

NULL OLAH 
661533 0.0 

661540 0.0 
661651 9.17E-03 
661553 8.30E-05 
671550 0.0 
661563 2.36t-06 
671561 1.d3E-11 
671560 7.16E-06 
681563 0.0 
681670 0.3 

651640 a . 3 7 ~ - 0 6  

WJCLIOE LIBRARY FOR AI R E F E R E ~ ~ C E  UIIOE L w a i (  

FISSIOrd  PRUOUCTS 

FB1 FP F P 1  FT 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 O t O  
0.0 0.0 0.G 0.0 
0.0 0.0 O.@ 0.0 
0.0 0.0 0.0 o t o  
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 

SIGNG FNG1 Y25 Y 49 u FG 
4.96E-01 0.0 0.0 0.0 3.85E-03 0.0 0.0 

1.580 0.0 6.G 0.0 u.0 1.20E-04 0.0 
1.21E-01 0.714 0.0 0.0 2.89E-03 0.0 0.0 
5.48E-01 0.0 0.0 5.00E-05 1.16E-03 0.569 0.022 
5.48k-01 0.0 0.0 0.0 0.0 0.531 0.027 
7.9oE-01 3.C 0.0 0.0 0.0 0.0 0.0 
l .3SE-01 0.3 0.0 2. IO€-05 6.55E-04 0.143 0.0 
0.0 0.0 O.@ 0.0 0.0 1.817 0.988 
3.26E 00 0.0 0.0 0.0 0.0 0.739 0.0 
1.59k-01 0.01G 0.0 0.0 0.0 0.0 0.0 
5.YOE-01 0.0 0.0 0.0 0.0 0.0 0.0 

SUM 0' YIELDS OF ALL F I S S I C N  PHOOUCTS = 2.00E 00 2.06E 00 2.02E 00 



NUCL OLAM F81 
HE 4 0.0 0.0 
TL208 3.73E-03 0.0 
PBtO8 0.0 0.0 
PB212 1.81E-05 0.0 
8 1 2 1 2  1.91E-04 0.0 

PO216 4.62E 00 0.0 
(IN220 l .24E-02 0.0 

TH228 1.15E-08 0.C 

TH230 2.75E-13 0.0 
TH231 7.52E-06 0.0 
TH232 1.56E-18 0.0 

PA231 6.76E-13 0.0  

PA233 2.93E-07 0.0 

PA234 2.85E-05 0.0 
U232 3.05E-lC 0 . 0  

PO212 6 .9% 03 0 . 0  

RA224 2.2OE-06 0.0 

TH229 3.01E-12 0.0 

TH233 5.23E-01 0.0 

PA232 6.08E-06 0.0 

P6234M 9.87E-03 0.0 

U233 1.36E-13 0.0 
U234 8.89E-14 0.C 
U235 3.09E-19 0.0 
U236 9.19E-16 0.0 
U237 1.19E-06 0.0 
u238 4 . ~ 7 ~ - 1 8  0 . 0  
U239 4.92E-04 0 . C  

NP236 8.75E-06 C.0 

NP238 3.82E-06 0.0 
NP239 3.41E-06 0.0 
PU236 7.71E-09 0.0 

NP237 1.03E-14 0.0 

PU238 2.47E-10 0.0 
PU239 9.00E-13 0.0 
PU240 3.25E-12 0 .0  
PU241 1.69E-09 0.0 
PU242 5.80E-14 0 . 0  
PU243 3.87E-05 0.0 
AM241 4.80E-11 0.0 
hM242M 1.45E-10 0.0  
AM242 1.20E-05 0.0 
AM243 2.876-12 0.0 
AM244 4.44E-04 0.0 
CM242 4.92E-08 0.C 
CM243 6.86E-10 0.0 
CM244 1.21E-09 0.0 

NUC L ICE 

FP FP1 
0.0 0.0 
0.0 0 .0  
0 .0  0.0 
L O  0.0 
0.0 0.0 
0.0 0 .0  
0 . 0  0.0 
0.0 0.0 
0.0 0 .0  
0.0 0.0 
0.0 0.0 
0 .0  0 . 0  
0.0 0 .0  
0.0 0 . 0  
0.0 0.0 
0.0 0.0 
0 . 0  0 .0  
0.0 0 .0  
0.0 0.0 
0 .0  0.0 
0 .0  0.0 
0.0 0.0 
0.0 0 .0  
0.0 0.0 
0 .0  0 .0  
0.0 0 .0  
0 .0  0.0 
0.0 0.0 
0 . 4 3 0  0.0 
0.0 0.0 
0.0  0 . 0  
0 .0  0 . 0  
0 .0  0 . 0  
0 .0  0.0 
0.0 0 . 0  
0 .0  0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 0.0 
0 . 1 8 0  0.0 
0.0 0.0 
0.0 0 .0  
0 .0  0 .0  
0.0 0 .0  
0.0 0.0 

0 .0  0 . 0  

LIBRARY FOR L C F B R  

A C T  I N  IDES 

FT  FA SIGNC FkGl  
0.0 0.0 0.0 0 . 0  
0 . 0  0.0 0.0 0 . 0  
0 .0  0.0 0 .0  0.c 
0 .0  0.0 0 . 0  0.0 
0 . 0  0 .360  0.0 0.0 
0.0 1.000 0.0 0.0 
0.0 1.000 0.0 0.0 
0.0 1.000 0.0 0.0 
0.0 1,000 4.OOE-01 0.0 
0.0 1 .000  4.00E-01 0.0 
0.0 1.00C 4.COE-01 0.0 
0.0 1.000 4.COE-01 0.0 
0.0 0.0 4.00E-01 0.0 
0.0 1.000 4.44E-01 0.0 
0.0 0.0 0.0 0.0 
0.0 1.000 8.00E-01 0.0 
0.0 0.0 3.60E-01 0.0 
0 .0  0.0 8.00E-01 0.512 

0.0 0.0 3.60E-01 0 .0  

0.0 1.000 3.96E-01 0 . 0  

0.0 1.000 2.92E-01 0.C 
0 .0  1.000 5.35E-01 0.0 
0 .0  0.0 2.60E-01 0.0 
0.0 1.000 3.01E-01 0.0 
0.0 0.0 2.60E-01 0.0 

0.0 0.0 7.656-01 0 . 0  
0.0 0.0 3.60E-01 0.0 
0.0 0.0 8.28E-01 0.0 
0.0 1.000 2.20E-01 0.0 
0 .0  1.000 2.24E-01 0.0 
0.0 1.000 4.15E-01 0.0 
0 . 0  1.000 5.18E-01 0.0 
0.0 0.0 3.64E-01 0.0 
0.0 1 .000  3.60E-01 0.0 
0.0 0.0 5.68E-01 0.0 
0.0 1.OOC 9.90E-01 0.162 

0.001 0.0 3.60E-01 0.0 

0.0 1.000 3.77E-01 0.0 

0.0 1.000 4.50E-Cl 0.0 

C.0 0.0 3.59E-01 0.0 

1.000 0.0 4.03E-01 0.0 
0.0 0.0 4.03E-01 0 .0  
0.0  1.000 5.55E-01 0.0 
0.0 0.0 0.0 0.0 
0.0 1.000 3.80E-01 0.0 
0.0 1.000 4.00E-01 0 . 0  
0.0 1.000 2.2OE-01 0.0 

SIGF SICNZN S I C N 3 N  P FG 
0.0 0.0 0.0 0 .0  0.0 
0.0 0.0 0.0 3.300 0.82 
0.0 0.0 0.0 0 .0  0.0 
0.0 0.0 0.0 0.299 0.60 
0 .0  0.0 0 .o 2 .710  0.03 
0.0 0.0 0.0 8.940 0.0 
0.0 0.0 0.0 6.899 0.0 
0.0 0.0 0.0 6 .396  0.0 
4.00E-01 0.0 0.0 5.782 0.00 
4.00E-01 0.0 0.0 5.525 0.0 
3.COE 00 0 .0  0.0 5.100 0.0 
4.00E-01 0.0 0.0 4.767 0.0 
3.00E 00 0.0 
1.37E-02 1.20E-03 1.65E-05 4.080 0 .0  
0.0 0.0 0.0 0.420 0.0 
3.83E-01 0.0 0.0 5.148 0.0 
3.10E 00 0.0 0.0 0.560 0.40 

3.10E 00 0.0 0.0 0.869 0.01 
3.10E 0 0  0 . 0  0.0 1.700 0 .81  

0.0 0.233 0.43 

3.80E-01 1.62E-03 1.65E-05 0.428 0.82 

4.19E-01 1.95E-04 2.25E-06 5.414 0.0 
3 .1% 00 2.48E-04 4.72E-07 4.909 0.0 
5.10E-01 5.40E-04 3.30E-06 4.856 0.0 
3.57E-02 1.12E-03 3.52E-06 4.681 0.0 
6.18E-01 4.88E-04 5.40E-06 4.573 0.0 
2.72E 00 0.0 0.0 0.362 0.26 
4.65E-02 1.12E-03 l . l Z E - 0 5  4.268 0.0 
2.7OE 00 0.0 0.0 0.400 0.0 
3.15E 00 0 . 0  0.0 0.476 0.0 

3.10E 00 0.0 0.0 0.866 0.69 
3.60E-01 0.0 0.0 0.500 0.32 

3.60E-01 9.75E-05 7.10E-07 0.0 0 . 0  

1.4CE 00 0.0 0.0 5 .870  0.0 
1.38E 00 1.95E-04 2.25E-06 5.587 0 . 0  

4.17E-01 2.62E-04 2.62E-06 5.255 0.0 

3.30E-01 5.50E-04 5.50E-06 4.980 0.0 
2.C3E 00 0.0 0 .o 0.240 0.02 

1.83E 00 1.39E-03 1.43E-05 0.048 0 . 0  
1.83E 00 1.39E-C3 1.43E-05 0.225 0.0 
2.37E-01 0.0 0.0 5.439 0.0 
0.0 0.0 0.0 0.536 0 .0  

6.217 0.0 4.20E-01 0.0 0.0 
3.20E-01 3.75E-04 3.75E-06 6 .161  0.0 

0.0 5.902 0.0 1.40E 00 0.0 

1.89E 00 3.756-04 4.35E-06 5.243 0.0 

3.17E 00 5.90E-04 5.90E-06 0 .007  0.0 

4.63E-01 3.75E-05 3.75E-07 5 .630  0.0 




